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ANALYSIS OF THE ZEBRAFISH OLFACTORY SYSTEM USING IMMUNOHISTOCHEMISTRY AND ENHANCED TECHNIQUES OF DESORPTION
ELECTROSPRAY IONIZATION MASS SPECTROMETRY (DESI-MS)
Tara Lynn Maser, Ph.D.
Western Michigan University, 2022
Desorption electrospray ionization (DESI-MS) is an ambient ionization technique
where the sample is analyzed directly from a surface with very minimal sample
preparation under ambient conditions and follows ESI-like ionization mechanisms.
DESI-MS has proven powerful in analyzing or imaging lipids and other small molecules
directly from biological samples and even allows for subsequent histological staining and
analyses. However, DESI-MS is less widely used for protein analysis due to a lack of
sensitivity and the complex diversity of proteins in biological samples.
A major goal of this research has been to obtain new neurobiological knowledge by
combining histology and mass spectrometry through a collaborative project. The work
presented here focuses on (1) examining and comparing the different sensory neurons in
the zebrafish olfactory system before and after chemical damage, (2) improving DESI-MS
analysis of proteins and lipids through multiple approaches, and (3) utilizing signal
improving techniques to analyze lipids and proteins present in zebrafish olfactory tissue.
Zebrafish olfactory organs were examined after chemical damage with Triton X100 detergent. Statistical analyses revealed that sensory neurons mediating food
detection are more resistant to damage than the other neuronal subtypes. To investigate
metabolic changes in different damage states, DESI-MS analyses revealed chemical

disturbances in both the treatment and internal control rosettes of treated fish. Principal
component analysis (PCA) was used to determine differences in spectral features
displaying separation and clustering of samples between treatment groups. We
discovered that internal control rosettes undergo lipid changes as well, even though they
were not subjected to the chemical insult. Thus, great care should be taken when defining
intra-animal controls in future studies.
Protein analysis improved with the addition of a pre-wetting solvent through a
“wetting-quill” and through the addition of organic solvent vapors. The wetting-quill
increased dissolution time, one of the major contributors to the loss of protein signal.
However, results indicated a need to use the bare minimum amount of solvent additions.
This minimum was best attained by using solvent vapors in the ionization region, rather
than liquid application. Similar to previously reported ESI-MS results, protein signal
intensity was improved when the DESI sprayer was exposed to polar vapors such as
acetonitrile or ethyl acetate.
Finally, we successfully show that the novel DESI-improvement methods
developed by our lab can be applied to the analysis of biological tissues. When analyzed
with the addition of ethyl acetate and/or L-serine, both protein and lipid signal intensities
and S/N ratios were improved. We also observed that some lipids, especially those
carrying a phosphocholine headgroup, formed serine adducts making them detectable in
the negative mode without the use of acidic modifiers which can disrupt histology results.
This makes L-serine a potentially useful additive in experiments where histological
analysis is required from the same tissue sample previously analyzed by DESI-MS.
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CHAPTER 1
INTRODUCTION

1.1 An overview of desorption and electrospray ionization
Mass spectrometry (MS) has become a powerful analytical technique that allows
for the analysis of a wide range of chemical compounds and is used in many different
fields, including forensics, biomedical sciences, lipidomics, and proteomics. MS analysis
involves a sample or analyte that is ionized into gas phase ions, separated, and detected
by the mass spectrometer and displayed in a mass spectrum as a plot of signal intensity
vs. mass-to-charge ratio (m/z). Since its invention in the early 1900’s, mass spectrometry
has become a one of the most prominent techniques for biological and chemical analysis.
This is in part due to its ability to produce highly accurate and high-throughput results
when analyzing a wide variety of compounds and even complex biological samples.
The journey of mass spectrometry to the field of analytical chemistry actually
began in theoretical physics in the late 1800’s, where J.J. Thomson “discovered” mass
spectrometry by measuring the mass of an electron.1 Mass spectrometry continued to
work its way through the field of physics and in the 1950’s, chemists such as Fred
McLafferty and Klaus Biemann began to use MS to work out the fragmentation
mechanisms of organic compounds and elucidate the structure of more complex
molecules like peptides, respectively.1-3 But there was still a struggle to get larger
molecules like proteins into the gas phase without fragmenting them using the current
instrumentation. That is, until soft ionization techniques such as electrospray ionization
1

(ESI)4 and matrix-assisted laser desorption ionization (MALDI)5 were introduced. Soft
ionization techniques allow for the ionization and analysis of large, intact molecules
without fragmentation, and can provide more structural information than the previous
“hard” ionization techniques. Then, in the late 1980’s, Fenn and co-workers were able to
demonstrate the phenomenon of ESI producing multiply charged protein ions.6 The
formation of multiply charged ions enables larger macromolecules, like proteins, to be
detected at lower m/z values by increasing the number of charges one molecule. This in
turn allows mass analyzers to detect molecular weights exceeding their upper mass limit.
ESI is arguably one of the most important contributions to the field of mass spectrometry
field in recent decades7 and because of this, John B. Fenn was later recognized for his
work in the Nobel Prize in Chemistry in 2002.8
Not too soon after, in 2004, a soft ionization technique that allowed for the analysis
of compounds under ambient conditions was developed and aptly named desorption
electrospray ionization mass spectrometry (DESI-MS).9 In DESI-MS, the sample is
located on a surface and a desorption solvent is sprayed directly onto the sample in the
direction of the MS inlet. The solvent creates a liquid micro-layer into which the sample
is dissolved or extracted, and subsequent spray solvent sputters off secondary charged
droplets containing the analyte. After desorption, DESI is believed to follow ESI-like
ionization mechanisms.10 Although these two techniques share many similarities, it is
known that DESI has difficulty analyzing large proteins, specifically proteins larger than
30kDa.11 It was shown previously that signal intensity and sensitivity decrease with
increasing molecular weight.12 Experiments deconstructing and separating the
desorption and ionization steps of DESI concluded that it was not ionization or desorption
that was responsible for the loss in signal sensitivity, but was inefficient dissolution of the
2

protein into the solvent micro-layer.12, 13 This dissertation is aimed at improving protein
analysis challenges by DESI through addition of a wetting quill, and through the use of
solvent and gas phase additives. Further investigation of some of these additives in both
ESI and DESI were also performed to see how they affect lipid analysis. And finally,
through collaboration, these techniques were applied to improve protein and lipid
analysis directly from zebrafish tissue.
This work will help to improve our understanding of how additives can be used to
improve protein and lipid ionization in DESI-MS. The feasibility of these enhancement
methods allows for quick and convenient applications without the need of new or
expensive instrumentation. Improving the detection of multiple cellular components, like
proteins and lipids, using the same additive can then provide more information in a single
analysis. Furthermore, the application of this knowledge on real-world samples can
expand the use of DESI-MS in clinical studies and possibly disease identification and
diagnosis.

1.2 Structure of the dissertation
Beginning with Chapter 2, the mechanisms of ESI and DESI will be described in
more detail, particularly, in relevance to protein and lipid analysis. The focus of this
chapter will discuss the challenges that DESI faces when analyzing proteins and provide
information from previous studies that drive a major part of my dissertation research.
Chapter 3 and 4 introduces and describes the interdisciplinary portion of my
research in neurobiology and using zebrafish as a model of regeneration. In Chapter 3,

3

zebrafish, and their use as a model organism for regeneration is introduced. A detailed
background is given into zebrafish regeneration studies and will also briefly examine the
advantages of combing histological studies with DESI-MS analysis. Chapter 4 examines
the response that the different olfactory sensory neurons have to chemical damage caused
by the interaction of the olfactory epithelium when infused with Triton X-100 (TX-100)
detergent. The apparent resistance to chemical damage observed by microvillous sensory
neurons is the basis behind the hypothesis that differences in lipid make-up of the sensory
neuron subtypes could be responsible for resistance or susceptibility to damage. DESIMS was used to analyze lipids within the zebrafish olfactory epithelium after TX-100
infusion. The results show that there are differences in specific lipid classes after chemical
damage and that the internal control rosette still exhibits changes in lipid abundance even
though it was not physically affected.
In Chapter 5, a study was conducted to investigate the issue of inefficient protein
dissolution during DESI analysis by the addition of a wetting quill device that pre-wetted
the sample surface proximal to DESI analysis. Pre-wetting of the sample surface by the
wetting quill increased dissolution time and allowed for the separate application, but
simultaneous use, of ammonium bicarbonate (ABC) and formic acid (FA) solvent
additives within a DESI experiment. The use of either ABC or FA as additive in the wetting
quill solvent or spray solvent showed different effects on protein signal that were protein
dependent, similar to that seen previously in ESI.14 However, the combinational use of
ABC and FA in the same experiment increased signal intensity for all proteins studied,
demonstrating the advantage of increasing dissolution time and application of additives
by the addition of the wetting quill.

4

Chapter 6 explores a different approach of improving protein analysis by DESI
with the use of polar organic solvent vapors supplied through a custom-built DESI
enclosure. The effect of different organic vapors on protein signal intensity and chargestate distribution is discussed and compared to the results of the effects of organic vapors
on proteins in ESI-MS that were previously reported.15, 16
Chapter 7 investigates how the use of L-serine as a spray additive affects lipid
adduction and signal intensity in both the positive and negative polarities. Serine also
improved protein signal intensity when analyzed directly from zebrafish tissue. This realworld application shows the advantages of using serine to increase protein signal directly
from biological tissue samples.
Finally, I conclude the dissertation in Chapter 8 with final remarks and future
perspectives.
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CHAPTER 2
ANALYSIS OF PROTEINS AND LIPIDS BY ELECTROSPRAY AND
DESORPTION ELECTROSPRAY IONIZATION

2.1 Introduction to electrospray ionization
The ionization process can be performed in many ways corresponding to different
techniques, including through interactions of charged particles, such as electron
ionization (EI)1, 2, with laser ablation, such as matrix assisted laser desorption ionization
(MALDI)3, 4, or through a pneumatically charged plume, such as electrospray ionization
(ESI)5, 6. One of the most prominent of these techniques being ESI because of its
“softness”, sensitivity, and robustness7, which will be the focus of this section.
In ESI-MS, a high-voltage potential is applied to a solvent capillary carrying a
mixture of analyte and solvent that is pneumatically sprayed, creating a series of charged
droplets travelling toward a mass spectrometer inlet (acting as the counter electrode) for
analysis.8 The applied potential induces charge separation in the sample solution, causing
charge to build up at the tip of the capillary. This type of charging is an example of the
electrophoretic mechanism. In the case of positive ionization mode, negatively charged
ions are oxidized at the capillary wall and an accumulation of positively charged ions
occurs at the capillary tip usually consisting of charge carriers such as H+, Na+, K+, and
NH4+. Ions are restricted by the solvent surface tension causing the increased charge
build-up to induce the formation of a Taylor cone as the ions are pulled toward the counter
electrode. At high electric fields, the opposing charge attraction becomes strong enough
7

to overcome the surface tension leading to the ejection of a fine stream of highly charged
micro droplets9.
As the droplets move through the air toward the mass spectrometer, collisions with
atmospheric gas accelerate droplet shrinkage due to solvent evaporation. Charge density
continues to build as the droplets shrink until the field strength on the droplet surface
reaches a point at which the strength of like-charge repulsion is large enough to overcome
the droplet surface tension. This critical point is known as the Rayleigh limit.10 When the
Rayleigh limit is reached, a Coulombic fission event occurs that releases a jet of small
progeny droplets carrying some charge from the parent droplet. Following ejection, the
charged droplets undergo solvent evaporation and coulombic fission events until
desolvated ions are formed9, 11, 12. A visual of the formation of gas phase ions in the ESI
process is displayed in Figure 2.1.

Figure 2.1. A schematic of the ESI process in the positive polarity. *Droplet size is
increased for visual purposes and are not to scale.
Mazumdar, 2012.13
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*Adapted from Banerjee and

2.1.1 ESI ionization mechanisms and charged droplet formation
Depending on the size and nature of the analyte, the formation of gas phase ions
from electrically charged droplets can be explained by one of the three following
mechanisms: the ion evaporation model (IEM)14, 15, the charged residue model (CRM)5, 16
and the chain ejection model (CEM)17-19 (Figure 2.2). The IEM was first proposed by
Iribarne and Thomson

14, 15

and predicts that ions are produced directly from charged

droplets after the radii of the droplets decrease to a given size and the surface tension and
solvation forces of the droplet are overcome by charge repulsion.14, 16, 20 Small molecules
with low molecular weights, such as lipids, are generally considered to ionize by the IEM,
producing singly charged analyte ions.

Figure 2.2. A schematic of the different ESI ionization mechanisms. IEM: ion
evaporation model, CRM: charge residue model, and CEM: chain ejection model.
*Adapted from Konermann et al., 2013.18
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The CRM, proposed by Dole5, states that small, highly-charged droplets,
containing one analyte molecule, will undergo solvent evaporation events until a dry
analyte ion is released whose charge originates from the charges at the surface of the
original droplet.16, 20 The resulting charges on the analyte occurs through a charge transfer
process from the surface of the droplet as the final evaporation events take place.5 After
the parent droplet cycles through repeated evaporation and fission events, final progeny
droplets (containing the analyte) will undergo charge evaporation keeping the droplet
charge below the Rayleigh limit until solvent evaporation is complete.21, 22 This suggests
that charges are lost as droplet evaporation occurs and is supported by studies in which
the calculated Rayleigh charge of a protein-sized droplet is similar to the charge on folded
proteins.23,

24

Thus, it is well accepted that large molecules, such as folded, globular

proteins, ionize by the CRM.25
More recently, Konermann et al.,17 proposed the CEM to describe the excess
charging of unfolded proteins that could not be fully explained by the CRM. Following the
CEM, hydrophobic forces interacting with the nonpolar sites of the unfolded protein
causes the protein molecule to relocate to the surface of the droplet. Charge equilibrium
occurs through H+ transfer from the droplet surface to a protruding end of the polypeptide
chain finally leading to the full ejection of the unfolded chain containing a high number
of charges. This proposed mechanism was supported by molecular dynamic studies in
which unfolded protein charge states were able to be accurately predicted.26 As will be
discussed more in the following section, unfolded proteins are believed to likely ionize by
the CEM.
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2.1.2 Protein ionization in ESI
As briefly described in the previous section, proteins typically ionize by either the
CRM or the CEM, depending on protein conformation, and are able to carry multiple
charges. Protein ions are detected as peaks based on the mass of the protein and the
number of charges it contains represented by the mass-to-charge ratio (m/z). Due to the
multiple charges it can hold, proteins often form a distribution of peaks with different
m/z values. Each peak then corresponds to the mass of the protein divided by a specified
number of charges, which is known as the charge state. Since each peak refers to a certain
charge state, the distribution of peaks observed in the mass spectrum is called the protein
charge state distribution. The charge state distribution is also commonly referred to as
the protein envelope that incorporates every charge state in the distribution. Aspects of
the protein envelope are described by terms related to the observed charge states of the
protein. These terms include the lowest observed charge state (LOCS), the highest
observed charge state (HOCS), and the highest intensity charge state (HICS), examples of
which can be seen in Figure 2.3.
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Figure 2.3. Mass spectra depicting a multiply charged protein, cytochrome c (MW = 12.3
kDa), in an unfolded conformation.

When comparing the different ionization mechanisms, it is obvious that the
formation of gas phase ions is dependent on multiple factors such as the size of the parent
droplets, the rate of solvent evaporation and the size and nature of the analyte. Similarly,
the size and conformation of the protein being analyzed can affect its charge state
distribution. While the relationship between charge state distribution and protein
conformation in solution are still being considered27, 28, there have been a number of
studies conducted that provide evidence for the relationship between the number of
charges on a protein and its conformation.29-31 That is, folded proteins typically exhibit a
fewer number of peaks and narrow charge state distribution in the higher m/z range,
because fewer polar and ionizable amino acids are exposed to the solvent. Unfolded
proteins tend to display a larger number of peaks over a broad distribution with lower
m/z values corresponding to a higher number of charges. Thus, this observable
12

characteristic can be used to compare the effects that different solvents or additives have
on protein signal in relation to its conformation.

2.1.3 Lipid ionization in ESI
Lipids are small organic compounds that are vital components in living cells and
particularly the cell membrane. Glycerophospholipids (GPs) are a subclass of lipids that
are characterized by a polar phosphate containing headgroup connected to two non-polar
fatty acyl chains through a glycerol backbone. These lipids are classified as
phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylserines (PS),
phosphatidylinositols (PI), and phosphatidylglycerols (PG) depending on if the lipid
headgroup consists of either choline, ethanolamine, serine, inositol, or glycerol,
respectively (Table 2.1). Sphingomyelins are similar in structure to PCs in that they also
contain a phosphocholine headgroup, however, the fatty acyl chains are instead
connected through an N-amidated linkage at the core of a sphingosine backbone (Table
2.1). Depending on the headgroup type, GPs can either carry an overall positive charge,
overall negative charge, or are considered neutral.
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Table 2.1. Structures of main GPs and the typical ions they form in the positive and
negative modes.
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Due to their small size and low molecular weight, lipids are believed to ionize by
the IEM and only carry a single charge. In the mass spectrum, each lipid is represented
as a single peak with a m/z value equal to the mass of the lipid +/- the mass of the ionizing
species. As seen in Figure 2.4, GPs can ionize in either the positive or negative modes
depending on the overall charge of the lipid and the ionizing species present in the sample
or solution. In the positive mode, GPs can ionize through protonation [M+H]+ or alkali
metal adduction (i.e. Na+, K+). GPs ionize in the negative mode mainly through
deprotonation [M-H]- or adduction with negatively charged species (i.e. Cl-, HCOO-).

Figure 2.4. Lipid spectra containing GPs in the positive mode (a) and the negative mode
(b).
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The particular structure of GPs gives a majority of these lipids a molecular mass
ranging from 700-1000 Da, making observation in the mass spectrum predictable as they
will appear at m/z = 700-1000. Through tandem MS/MS experiments, lipid peaks can be
isolated and fragmented and ultimately identified through their fragmentation patterns.
Identification of the different GPs is important since specific GPs are involved in
certain cellular mechanisms. For example, GPs that contain a phosphocholine headgroup
(i.e. phosphatidylcholines) are the most abundant lipid found in lipid membranes.32, 33
Recent studies have shown that disturbances in the abundance of phosphatidylcholine in
tissue can be indicative of disease or malignancy.34-36 Thus, analysis of GPs can help in
our understanding of how these lipids are involved in disease mechanisms.

2.2 Introduction to desorption electrospray ionization (DESI)
ESI-MS can suffer from limitations relating to the main electrospray process.
These limitations include the use of high voltage to the sample solution causing electrical
discharges if the sprayer is placed too close to other instrument components, and the
effect of liquid surface tensions on Taylor cone behavior, usually resulting in the use of
organic solvents which may alter the conformation of the analyte in solution.37 Due to
these drawbacks, modifying the electrospray process has been a driving force in the
discovery of new techniques to improve mass spectrometric analysis, one of the most
widely used examples being desorption electrospray ionization (DESI).
DESI-MS, is an ambient ionization technique in which molecules can be detected
directly from biological tissue surfaces with little to no sample preparation. DESI works
16

by directing a pneumatically charged spray plume towards a sample surface in which the
impact of the sprayed primary droplets creates secondary micro-droplets composed of the
solvent spray and analyte materials.38-40 Here, the droplets produced by the electrospray
source form a thin, localized film of liquid onto the sample surface in which the analyte
molecules are dissolved or extracted.41 The time of dissolution or extraction of the sample
analyte into the liquid film depends on the nature of the surface and the electrospray
solvent.42-45 Secondary droplets of the surface liquid layer containing the extracted
compounds are then produced by subsequent primary spray droplets. The secondary
droplets then undergo standard electrospray evaporation mechanisms11, 18, 25 to produce
dry analyte ions that are sampled into the atmospheric pressure interface of the mass
spectrometer. Therefore, the entire sampling process can be summarized in four major
steps: 1) the formation of the charged spray plume directed at the sample, 2) the creation
of a micro-localized liquid film on the surface, 3) dissolution or extraction of the sample
into the liquid film and 4) desorption or liberation of the analyte containing secondary
droplets from which gas phase analyte ions are formed.46 This process is commonly
known as the droplet pick-up mechanism.39, 47 A schematic of the DESI-MS process is
illustrated in Figure 2.5.
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Figure 2.5. A simplified schematic of DESI-MS analysis.

The simplicity (or lack) of sample preparation along with its soft nature and highthroughput capabilities have made DESI one of the most popular mass spectrometric
methods with widespread use in many different fields including forensics38, 48, 49, clinical
diagnostic studies50-52, pharmaceuticals53, 54 and biological imaging studies55-57. DESI-MS
is commonly used for the analysis of small molecules but is limited when analyzing large
proteins or complex biological samples due to inefficient protein dissolution43, 58 and ion
suppression effects42, 59. Therefore, a major goal of this research is to improve protein and
metabolite analysis from biological tissues through multiple enhancement techniques.
Previously, our group developed methods to investigate this problem of poor
protein responses by looking at desorption and ionization independently from each
other.43 In that study, spray desorption collection (SDC) was used as a model for the
desorption aspects of DESI and reflective electrospray ionization (RESI) was used as a
18

model for the ionization aspects of DESI. The results indicated that the mass-dependent
loss in sensitivity was not caused by poor ionization or desorption, since all proteins
between 12 - 66 kDa could be observed with similar relative intensities by direct ESI, or
by ESI after SDC, or by RESI. Based on observations in the spectra previously described42,
43,

it was concluded that the loss in sensitivity for larger proteins was likely caused by

incomplete dissolution of the sample during the desorption process and the survival of
non-specific protein-protein and protein-contaminant clusters.
The rate of dissolution of the analyte depends on the nature of the sample, surface,
and electrospray solvent.42-45 While smaller proteins undergo this solvation process
readily, the analysis of larger proteins (>25 kDa) becomes increasingly limited, possibly
due to slow kinetics. In other words, larger proteins may need a longer time for complete
dissolution to occur to break the interactions made between themselves and other adducts
before mass spectrometric detection.42, 60
Our lab has also investigated the use of solution-phase additives such as
ammonium bicarbonate (ABC)60, and more recently, L-serine61, and their effects on
protein analysis in DESI. When ABC was added to the DESI spray solvent, the signal-tonoise ratio (S/N) of proteins was increased by up to 7-fold compared to when only
spraying with an aqueous methanol solvent, and was increased approximately 2- to 3fold compared to the more commonly used formic acid additive.60 Another way to
counteract signal reduction in DESI is to reduce unwanted adduct formation caused by
non-volatile salts.62 Similar to previous ESI results63, L-serine was used as a solvent
additive in DESI and was shown to significantly reduce sodium adducts.61 Serine addition
was also seen to increase protein signal intensity when used as a co-additive with formic
19

acid.61 Follow-up mechanistic studies suggest that these improvements are related to the
dissolution and desorption process in DESI64, supporting the hypothesis of inefficient
protein dissolution.
Few other groups have attempted to address this problem. One notable exception
is the use of ion mobility to separate protein signals from low mass chemical noise to
increase protein S/N.65

2.3 Conclusions
DESI is known to be less sensitive than ESI when analyzing larger molecules,
which is believed to be partly due to an incomplete dissolution process as well as an
increase in contaminants from the open air42, 43. The work in Chapters 5 and 6 aims to
address the problems observed when using DESI to analyze larger proteins. We developed
a two-sprayer configuration that further separates the dissolution and desorption
processes to allow a longer time for complete protein dissolution to occur. In Chapter 6,
protein samples are exposed to a variety of polar organic vapors contained in a DESI spray
chamber to improve protein intensity and ionization through adduct removal. Then the
most promising of the improvement methods developed in our lab were applied to the
analysis of biological tissue, results of which are illustrated in Chapters 6 and 7. The
samples used in these studies were from zebrafish, an increasingly popular model
organism in neurogenesis studies. The benefits of zebrafish and their use as a model
organism are introduced in the next chapter.
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CHAPTER 3
ZEBRAFISH AS A MODEL OF NEUROREGENERATION

3.1 Introduction to zebrafish as a model organism
Many brain diseases, such as Alzheimer’s and Parkinson’s diseases, are
characterized by damage and degeneration of neurons in the central nervous system
(CNS). Understanding how neurogenesis and regeneration works, particularly in adult
model systems, is important in unraveling the underlying causes of neurodegenerative
diseases. The peripheral olfactory epithelium (OE)1, 2 is one of the areas in the nervous
system of vertebrates that exhibits continuous regeneration of neurons throughout
adulthood, making the olfactory system a valuable model for studying adult
neurogenesis.3-6 In recent years, zebrafish (Danio rerio) have emerged as a model in
vertebrate neuroplasticity and development. Zebrafish are small freshwater teleost fish
that have the remarkable ability to quickly regenerate multiple tissue types7-9, with the
olfactory system being of particular interest because of its ease of access and conserved
structure compared to higher vertebrates, including humans.9-13 This, along with other
advantageous features such as easy genetic manipulation, transparent embryonic
development, prolific reproduction and modest costs make zebrafish an ideal model
organism for regeneration studies.11, 14
The fish olfactory system is a vital sensory pathway that is important for sensing
key information needed for survival. Fish depend on odorant stimuli to detect food
sources, avoid predation, communicate, and reproduce.9, 15, 16 Due to the direct exposure
27

of their olfactory organs to the aquatic environment, fish survival can be hindered greatly
by pollution and toxic substances. This makes neurogenesis in the olfactory system an
important function that is needed continuously throughout life to replace damaged and
dying cells.
The zebrafish olfactory system is comprised of a left and right olfactory organ,
termed rosettes, that are positioned dorsally on each side of the head and independently
project to the left and right olfactory bulbs (OB) of the telencephalon, respectively.5, 17 The
rosettes consist of intricate folds of epithelial tissue that contain various cell types
including olfactory sensory neurons (OSNs) and non-neuronal supporting cells. To date,
it has been shown that zebrafish contain 5 morphologically distinct OSN types18-21, with
only the major groups being mentioned here. They include ciliated, microvillous, and
crypt OSNs. Ciliated and crypt OSNs detect molecules related to social behaviors while
microvillous OSNs detect amino acids for food sourcing5.
The Byrd-Jacobs’ lab uses the adult zebrafish olfactory system to investigate
neuronal regeneration. Studies involve physical or chemical ablation of the nose through
different procedures to examine the effects on neuron abundance and regrowth in both
the OE and OB. The aim of this chapter is to give a brief background on the regeneration
research done in the Byrd-Jacobs’ lab and to provide insight into the information that can
be acquired when combining histology with mass spectrometry.
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3.2 Regeneration studies of the zebrafish olfactory system
The effects that certain toxicants have on the olfactory epithelium have been
studied widely in teleosts22, including zebrafish, which are renowned for their
regenerative abilities throughout their adult life.23 Specifically, our lab examines the
effects of various types of damage on the olfactory system and the immune response to
damage in the brain. Our research involves the use of immunohistochemical analysis
along with fluorescent and light microscopy to analyze zebrafish tissue for potential
changes in the OSNs24, 25, morphology and presence of astrocytes or macrophages26-28,
afferent input of OSNs onto the OB29-31, and shape and complexity of glomeruli30, 32, 33.
While not all studies will be discussed here, I briefly describe a few of these studies that
ultimately led to a large portion of my dissertation research.
One of the first studies in this area reported by our lab examined neuronal turnover
in the OE at various timepoints after chemical ablation using Triton X-100 (TX-100)
detergent.24 This was one of the first OE regeneration studies done in zebrafish. In this
experiment, the right olfactory organ was infused with TX-100 and fish were sacrificed
either immediately, 1-5 days-post-lesion (dpl), 7 dpl, or 14 dpl. Hematoxylin and eosin
(H&E) staining and immunohistochemistry were used to compare tissue morphology and
OSN optical density of the different recovery timepoints to untreated control fish and
internal controls (left olfactory organ). Results showed that OSN labeling decreased
significantly after 1 dpl but returned to control levels approximately 5-7 dpl. This study
provided a foundation for the quick regenerative abilities of the zebrafish OE.24
Follow-up

experiments

investigated

zebrafish

behavior

and

glomerular

innervation patterns after TX-100 treatment.33 Fish were treated with detergent either
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unilaterally or bilaterally (for behavior analyses) and allowed to recover for 4-10 dpl. It
was observed that at 4 dpl there were pronounced morphological disturbances in axonal
projections in the OB, and behavioral analyses revealed that fish lost the ability to sense
bile salts but maintained the ability to detect amino acids. By 10 dpl, fish regained the
ability to sense bile salts along with the return of glomerular patterns.33
Hentig and Byrd-Jacobs conducted a similar study in 2016.25 Here, another known
toxicant, zinc sulfate, was used to cause chemical damage to the zebrafish OE. Scanning
electron microscopy (SEM) exhibited the loss of ciliated OSNs from the apical surface of
the sensory epithelium while microvillous OSNs remained intact.25 Behavioral analyses
of zinc sulfate-treated fish supported the previous TX-100 findings that fish could no
longer respond to bile salts after a single chemical treatment but still responded to amino
acids.25
These studies suggest and provide evidence for the retention of the ability to detect
food stimuli, which became one of the underlying questions driving my dissertation
research. My interest was not only to determine if microvillous OSNs were more resistant
to chemical damage but also to explore possible mechanisms responsible for this
resistance. Since changes in lipid abundance have been used as biomarkers for certain
cancers and diseases, we asked if there could also be specific lipid changes in response to
cellular damage. DESI-MS is a valuable technique for studying metabolites in tissue due
to the lack of sample manipulation before analysis. A concise description of DESI-MS
used in conjunction with histological results is provided in the following section.
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3.3 Combining DESI-MS with histology
DESI-MS allows for the analysis of biological tissue without prior sample treatment
and has become a popular technique in diagnostic health studies to examine lipids and
metabolites in cancerous cells34 and tissue35-38 and in brain models39, 40. Specific changes
can be correlated to disease states, which could be used to identify potential biomarkers
for disease diagnosis. Typically, malignant or diseased tissue is confirmed and diagnosed
through

pathological

and

histological

analyses.41

While

histological

and

immunohistochemical analyses can identify and differentiate neuronal and non-neuronal
cell types, they are unable to determine differences based on changes in lipid abundances.
DESI-MS is an ideal technique to couple with histology because of its ability to collect
spatial distributions of biological compounds while retaining tissue morphology. In some
cases, the tissue sample can be analyzed by DESI followed by subsequent staining of the
same tissue. This direct comparison can provide structural information along with
metabolite profiles within biological samples.
First demonstrated by Wiseman et al., in 2005, lipid markers were observed
between tumor and non-tumor regions in human liver adenocarcinoma tissue and were
correlated to results of histopathological analysis.38 Similarly, glycerophospholipid
profiles were used to distinguish between cancerous and non-cancerous tissues from
canine bladders.42 Then in 2010, Eberlin et al. looked at the glycerophospholipid and
sphingolipid composition in human astrocytoma tumor samples and found that grades of
this type of brain cancer could be differentiated based on lipid composition.43 In a more
recent study published in 2020, DESI-MS imaging was used to build a predictive model
to distinguish between renal oncocytoma and chromophobe renal cell carcinoma tissues
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and tentatively identify metabolites and lipid markers between these cancer types that
can sometimes be indistinguishable using histology alone.44
These few examples demonstrate the significance of using DESI-MS for tissue
analysis and how it can ultimately be applied to clinical studies. Studying the complex
cellular chemical composition will allow us to explore unknown cellular mechanisms that
may be important for understanding the underlying cause of neural degeneration or
disease.

3.4 Conclusions
Zebrafish are an excellent model to study neural degeneration and regeneration
after damage due to their ability to quickly regenerate multiple tissue types and ease of
access to their olfactory organs. The Byrd-Jacobs’ lab uses histology and
immunohistochemistry to analyze tissue, which is useful for labeling specific proteins
present in certain cell types but is limited in terms of lipid analysis. Lipid abundance or
lipid changes are also valuable biomarkers of certain disease states and can be
complimentary to antibody results. Because of the non-destructive nature of DESI, it can
provide initial metabolite information on the same tissue sample that can be subsequently
stained for pathological diagnosis. Using these techniques cooperatively can further our
understanding of the role of lipids in regenerative states and the protection of neurons
which could be useful in the development of treatments for neurodegenerative diseases.
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CHAPTER 4
ZEBRAFISH OLFACTORY NEURONS SUBTYPES SHOW DISTINCT
RESPONSES AFTER INTRANASAL INFUSION WITH DETERGENT

4.1 Introduction
As briefly described in the previous chapter, zebrafish have two olfactory rosettes,
each composed of epithelium consisting of multiple lamellae converged in a central raphe.
The lamellae contain regions of surrounding non-sensory epithelium and a
pseudostratified, columnar sensory epithelium consisting of a variety of cell types
including supporting cells, basal cells, and OSNs.1, 2 While there are several OSN subtypes,
the three major OSNs are identified as ciliated, microvillous, and crypt OSNs that are
distinct in morphology, function, and elicited behavior.2, 3
Ciliated OSNs have elongated dendrites that contain sensory cilia that protrude
from the apical surface of the epithelium. These cells express olfactory receptors of the
OR or TAAR gene families and likely detect bile salts through a cAMP-mediated pathway
that are important for social interactions.4-7 Microvillous OSNs have shorter dendrites
extending from the cell body compared to ciliated OSNs and have microvilli projecting
from the dendritic knob. Microvillous OSNs express V2R type odor receptors that detect
amino acids or nucleotides for food sources through an IP3-mediated pathway.4, 8-10 Crypt
OSNs, named for the crypt-like invagination, have a spherical or globose shape and lack
a dendrite; instead this cell type is positioned close to the apical surface of the epithelium
and presents both microvilli and cilia. While it is still somewhat unclear, crypt neurons
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are thought to detect kinship or pheromones for mediating sexual cues through a single
V1R-like odorant receptor and bile salts through ORA/Gαi signaling.2, 11-15
Due to the different morphological structures and functions of these OSNs it is
important to consider how each neuronal type is affected by chemical toxicants.
Previously, the Byrd-Jacobs’ lab has shown that chemical ablation with TX-100 or zinc
sulfate applied to the olfactory organ results in a loss of ciliated OSNs while microvillous
OSNs remain intact.16, 17 This is confirmed by behavioral analyses where fish no longer
respond to bile salts after a single chemical treatment but still respond to amino acids.1719

Similarly, Lazzari et. al. showed that ciliated OSNs are more sensitive to damage from

various concentrations of copper and nickel while microvillous OSNs are less affected.20,
21

A comparable effect was also observed in goldfish showing that exposure to copper

affects the ability to detect bile salts, prostaglandins, and steroids more than the ability to
detect amino acids.9 These studies suggest and provide evidence to the retention of the
ability to detect food stimuli.
Here, we investigate the potential retention of microvillous OSNs in the zebrafish
olfactory system through multiple chemical ablations with TX-100. We hypothesize that
a single TX-100 treatment will remove the ciliated OSNs, leaving microvillous OSNs
exposed to a second treatment. The second TX-100 treatment will more directly address
the resistance or susceptibility of microvillous OSNs by providing information that will
help determine whether this effect may be due to spatial position in the epithelium or
chemical make-up.
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4.2 Experimental methods
4.2.1 Animal usage and care
This study was conducted on male and female adult zebrafish (Danio rerio), over
6 months old and approximately 3-4 cm in length. Adult zebrafish were obtained from
commercial sources and maintained in 15-gal aquaria filled with aerated, conditioned
water at 28.5°C. Fish were fed Tetra commercial flake food twice daily, once in the
morning and again in the evening. All experimental and animal care protocols have been
approved by the Institutional Animal Care and Use Committee (IACUC).

4.2.2 Triton X-100 exposure
Chemical exposure was accomplished by intranasal infusion of 0.7% Triton X-100
detergent in phosphate-buffered saline also containing 0.4% of methylene blue to add
color used to confirm that the infusion was successful. Approximately 1 µL of the
detergent was infused into the right nasal cavity using a self-made syringe composed of a
pulled glass capillary. The left olfactory organ was used as an internal control to insult. To
avoid leakage of the detergent into the internal control organ, a strip of petroleum jelly
was applied between the two nares. After infusion, the fish were placed on ice for 2 min
to allow the solution to remain in place before being transferred to a recovery tank. Fish
were treated either once (1xTX) or twice (2xTX) for two consecutive days and sacrificed
one day post treatment. External control animals and internal control organs received no
treatment. Fish were anesthetized with 0.03% 3-aminobenzoic acid ethyl ester (MS222,
Sigma, St. Louis, MO, USA) until they no longer responded to a tail pinch before being
decapitated.
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4.2.3 Tissue processing for immunohistochemistry
Whole heads were fixed overnight in either 4% paraformaldehyde solution or a
modified Bouin’s fixative containing picric acid:formalin (3:1).22 After fixation, the heads
were rinsed with PBS; Bouin’s fixed tissue was washed in 0.1 M PBS until the yellow
coloring of picric acid was no longer seen leeching into the solution. Heads were
decalcified using RDO rapid decalcifying solution (Electron Microscopy Sciences,
Hatfield, PA, USA). The tissue was then dehydrated and embedded in paraffin. Samples
were sectioned into 10 µm semi-serial sections and collected onto positively charged glass
slides.

4.2.4 Tissue dissection for DESI-MS analysis
Each rosette was dissected and flash frozen onto glass slides previously cooled on
dry ice. Samples were stored at -80 °C until used for DESI analysis. Before analysis,
samples were thawed under vacuum for ~10-15 min. Lipids were tentatively identified
through tandem MS/MS experiments and comparison to reference spectra23-28 or Lipid
Maps29, 30.

4.2.5 Immunohistochemistry
Immunohistochemical methods were performed on semi-serial sections of whole
zebrafish heads from all treatment groups. Tissue was rehydrated in a series of xylenes
and ethanol rinses and placed in boiling 10 mM sodium citrate for 10 min for antigen
retrieval. To remove endogenous peroxidases, tissue was placed in a 3% hydrogen
peroxide solution for 10 min at room temperature. The tissue was placed in 3% Normal
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Goat Serum (NGS, Vector Laboratories, Burlingame, CA, USA) for 1 hr at room
temperature to block non-specific binding sites and incubated in primary antibody in a
humid chamber at 4 °C for 20 hrs. Primary antibodies used were rabbit polyclonal antitransient receptor potential cation channel, subfamily C, member 2 (α-Trpc2; 1:100; LSC95010; LifeSpan BioSciences, Seattle, WA, USA) to identify microvillous OSNs; rabbit
polyclonal α-Gαs/olf (1:1000, Santa Cruz Biothechnology, Dallas, TX, USA) to label
ciliated OSNs; rabbit polyclonal anti-tyrosine protein kinase A (α-TrkA; 1:100; sc-118;
Santa Cruz Biotechnology) to label crypt OSNs11, 22; and mouse monoclonal anti-human
neuronal protein HuC/HuD (α-HuC/D; 1:100; 16A11; Molecular Probes, Eugene, OR,
USA), which is a pan-neuronal marker used to identify all pre-mature and mature OSNs31,
32.

Following rinses, sections were incubated in secondary antibody for 1 hr at room

temperature with either goat anti-rabbit biotinylated secondary antibody (1:100; Vector
Laboratories, Burlingame, CA, USA) or goat anti-mouse biotinylated secondary antibody
(1:100; Vector Laboratories). Tissue was treated with ABC solution (Vector Laboratories)
for 1 hr and exposed to 3,3-diaminobenzidine (DAB; Vector Laboratories) until sufficient
staining was achieved. Sections were dehydrated, mounted with DPX mounting medium
(Sigma, St. Louis, MO, USA) and coverslipped before viewing. Tissue was visualized and
analyzed using a Nikon Eclipse 80i microscope for brightfield microscopy.

4.2.6 Quantification and statistical analysis
Images were taken of antibody-labeled sections using SPOT Software 5.0
(Diagnostic Instruments, Sterling Heights, MI, USA). Images were converted to 32-bit
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grey scale using ImageJ Software (National Institute of Health, Bethesda, MD, USA), and
optical density (OD) measurements were used to estimate the amount of antibody
labeling within the olfactory sensory epithelium by a method previously described.17, 31
The grey intensity of the olfactory sensory epithelium from three lamellae (two sides and
the trough in between) per section, in three adjacent semi-serial sections of each fish was
measured and averaged. The grey intensity of the background was also measured, and OD
values were calculated by the following equation:
𝑂𝑂𝑂𝑂 = −𝑙𝑙𝑙𝑙𝑙𝑙

(background grey value)
(average grey value of measured regions)

The OD values for the different antibodies were compared with internal and external
controls for all treatment groups. Cell counts were performed to compare the number of
anti-TrkA positive cells. Cells with positive anti-TrkA labeling and a distinct globose shape
were counted as crypt OSNs. Mean values of percent difference between right olfactory
epithelium (ROE) and left olfactory epithelium (LOE) across treatment groups were
compared using one-way ANOVA and Tukey post hoc test. Comparisons within groups
were made using two-way ANOVA with Bonferroni post hoc analysis. A significance level
of p<0.05 was used. Data reported were created using GraphPad Software. A sample size
of 4-5 fish were used for each antibody and each treatment group.
Principal component analysis (PCA) was performed on resulting data from DESIMS experiments using the range m/z = 600-1000. Relative peak intensities were exported
from Xcalibur 3.0 software and constructed into a data matrix in Excel using m/z values
as variables (4802 variables total) and LOE or ROE samples as observations (20 samples
total, with at least n = 5 in each treatment group). The scores and loadings were plotted
in RStudio33. The first two principal components, explaining the most variance, were used
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to plot data in the negative and positive ionization modes. The total variance explained by
PC1 and PC2 was approximately 70% for both modes. Only the highest contributing
variables (most positive and most negative) were extracted from the loadings plots to be
tentatively identified and discussed.

4.3 Results and discussion
4.3.1 Effects of multiple detergent treatments on the olfactory sensory
neuron subtypes
Treatment groups consisted of an untreated control group, a single treatment group
(1xTX) and a double treatment group (2xTX). Observations were made of antibody
labeling patterns in control and treated olfactory epithelia. Optical density values were
used to obtain quantitative values to estimate the amount of antibody labeling, except for
anti-TrkA stained sections in which cell counts were done since distinct profiles were
detected. Percent difference between rosettes was then used to compare the amount of
labeling for each antibody across every treatment group.
Microscopic analysis showed visible thinning of lamellae in the 1xTX treatment
group compared to untreated control tissue (Figures 1B, 2B, 3B, 4B). This is most likely
due to the removal of the apical portions of the epithelium, leaving mainly immature
neurons and basal cells behind.31,

34

In the 2xTX treatment group, there was more

variability seen with respect to morphology. Out of the 11 total specimens used in the
2xTX treatment study, 6 animals showed obvious thinning of the lamellae (Figure 1C),
while inflammation and fusion of lamellae was observed in 9 animals (Figures 2C, 3C and
4C). Interestingly, the 2xTX treatment group showed more inflammation or fusion of
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lamellae compared to the 1xTX group, while the 1xTX group showed more thinning of the
lamellae.
The variability in tissue morphology seen after the second treatment likely relates to
the dynamic damage response at this time point and may be due to an increase in damage
to the epithelium from the additional TX-100 infusion. Elimination of the cilia appears to
expose the other neuronal cell types and the apical surface of the epithelium. The short
recovery time between treatments does not allow the epithelium to recover fully before
the second detergent infusion. This results in the detergent seeping further into the
epithelium, damaging more cells that were not exposed during the first treatment. It
seems reasonable, that more inflammation is seen after a second treatment possibly due
to the influx of phagocytic cells to remove damaged cells and tissue.35-37 Fusion of lamellae
is likely caused by the permeabilization of cell membranes by the detergent31 in addition
to inflammation from increased mitotic activity38, 39, leading to the fusion of disrupted
tissue.
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Figure 4.1. Anti-Hu labeling of all sensory neurons in untreated control rosettes (A),
1xTX treated rosettes (B), and 2xTX treated rosettes (C). Comparison of the mean percent
difference in optical density between control (black), 1xTX (polka-dot), and 2xTX
(checker) (D). Boxed region in (A-C) are shown in (A’-C’), respectively. Scale bar = 50um.

Sections treated with anti-HuC/D antibody showed labeling of all mature and
immature neurons22, 31 throughout the epithelium (Figure 1A, A’). The 1xTX group showed
thinning of the epithelium and appeared to have less anti-HuC/D labeling compared to
the untreated control group (Figure 1B, B’), especially along the sides of the lamellae.
Despite the apparent reduction in labeling, there was observable staining located in the
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trough regions of the rosette (Figure 1B, B’). After a second TX-100 infusion, there
appeared to be more anti-HuC/D labeling compared to the 1xTX group, with labeled
profiles present throughout the epithelium, although immunoreactivity in the trough
regions was more dense (Figure 1C). In most 2xTX fish, the lamellae had an inflamed
morphology compared to the thinning seen after a single TX-100 treatment (Figure 1C).
Optical density analysis showed little difference between the right and left olfactory
epithelia of the control group (9.87 ± 6.19%) as expected. The percent difference of 1xTX
treated tissue decreased (-39.26 ± 4.86%) and was significantly different from control fish.
After a second TX-100 treatment, the labeling appeared to be returning to control values
(-18.49 ± 13.43%) and was not significantly different from the 1xTX or control group (p
>0.05; Figure 1D).
The apparent increase in labeling from 1xTX tissue to 2xTX tissue is possibly due to
the proliferation of immature OSNs in response to damage of the second TX-100 infusion
40, 41.

The production of immature neurons may be ramped up to compensate for the extra

damage done by the second treatment. Because anti-Hu labels both mature and immature
OSNs, it is important to determine if labeling seen in the treatment groups is due to the
presence of mature OSNs or newly proliferating OSNs. To investigate the effects on the
primary OSN cell types (ciliated, microvillous, and crypt), three cell-specific markers were
used.
Anti-Gαs/olf antibody identifies ciliated OSNs in zebrafish31,

42,

specifically

labeling the cilia projecting from the apical surface of the sensory epithelium with partial
staining of the primary dendrite down to the soma located deep within the epithelium. In
untreated control fish, immunoreactivity was strong along the apical surface and diffuse
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throughout the entire sensory epithelium, with no labeling in the non-sensory region
(Figure 2A). Following a single TX-100 treatment there was an obvious reduction in the
amount of anti-Gαs/olf labeling compared to untreated control tissue (Figure 2B).
Various small clusters of antibody labeling were observed, although this effect varied
between fish. After a second TX-100 treatment, there was very little anti-Gαs/olf labeling
(Figure 2C). Very sparse-to-no antibody labeling was observed, and sensory cilia were not
observed on the apical surface of the sensory epithelium.
Densitometry analysis showed a mean percent difference in antibody labeling
between left and right olfactory epithelia of -3.96 ± 2.40% (mean ± SEM) for untreated
control fish, showing very little variation in the amount of labeling between the olfactory
organs as expected (Figure 2D). After a single TX-100 treatment, the amount of antiGαs/olf labeling decreased significantly compared to controls to -61.76 ± 2.88% (p < 0.05).
Following a second TX-100 treatment, the mean percent difference was also significantly
different from untreated control fish at -67.12 ± 4.35% (p < 0.05), but this decrease was
not significantly different from 1xTX treated fish.
The values in the amount of labeling between 1xTX and 2xTX groups were not
statistically significant, suggesting that the majority of ciliated OSNs were removed after
the first detergent treatment. This supports the results of our previous studies showing
loss of cilia after a single chemical infusion along with the loss of the ability to detect bile
salts.17 The first detergent treatment likely has more impact on the ciliated OSNs due to
their long ciliated projections covering more surface area of the epithelium, and likely
providing coverage of the other OSN types. It is thought that detergent infusion is either
stripping the cilia or killing the ciliated cell bodies34, which is difficult to determine with

47

only anti-Gαs/olf labeling since this only labels the ciliated projections. However, from
the reduction in labeling seen in the anti-Hu analysis, it is more likely that the detergent
is killing the cells and not just stripping cilia from the surface.

Figure 4.2. Anti-Gαs/olf labeling of ciliated OSNs in untreated control rosettes (A),
1xTX treated rosettes (B), and 2xTX treated rosettes (C). Comparison of the mean percent
difference in optical density between control (black), 1xTX (polka-dot), and 2xTX
(checker) (D). Boxed region in (A-C) are shown in (A’-C’), respectively. Scale bar = 50um.
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Microvillous OSNs were identified with anti-Trpc2 antibody39, which labels the
microvillous projections at the apical surface of the olfactory epithelium of untreated
control fish (Figure 3A). There appears to be a slight reduction in antibody labeling after
a single TX-100 treatment compared to untreated control fish, but labeling was still
observed throughout the thinned epithelium (Figure 3B). Some labeling was also
observed in the non-sensory region but was distinct from the OE and not used in optical
density analyses. After a second TX-100 treatment, anti-Trpc2 labeling was still observed,
although it was at a very low level compared to untreated control tissue (Figure 3C). The
mean percent difference in optical density between left and right olfactory epithelia in
untreated control fish was -6.98 ± 4.35% showing almost no difference between the two
olfactory organs (Figure 3D). After a single TX-100 treatment, there was a slight trend
towards a reduction in percent difference to -14.82 ± 4.65%, but this was not a significant
decrease when compared to untreated control fish. The mean percent difference in optical
density was decreased significantly after a second TX-100 treatment (-25.94 ± 4.00%)
compared to control fish (p < 0.05) but was not significantly different from 1xTX treated
fish.
This data supports the hypothesis that removing the ciliated OSNs leaves the
microvillous OSNs more vulnerable to damage, but it seems that microvillous OSNs aren’t
as susceptible to damage when compared to ciliated OSNs since many of these cells
remain after the second treatment. It’s possible that there are multiple protection
mechanisms at play. One type of protection may be built-in to the epithelial structure such
as inherent protection of microvillous OSNs by the coverage of ciliated OSNs. Another
type of protection may be due to the different chemical make-up of the microvillous
OSNs.43-46
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Figure 4.3. Anti-Trpc2 labeling of microvillous OSNs in untreated control rosettes (A),
1xTX treated rosettes (B), and 2xTX treated rosettes (C). Comparison of the mean percent
difference in optical density between control (black), 1xTX (polka-dot), and 2xTX
(checker) (D). Boxed region in (A-C) are shown in (A’-C’), respectively. Scale bar = 50um.

Anti-TrkA was used to label crypt neurons11, 14, observed as large spherical cells in
the apical sensory epithelium of untreated control fish (Figure 4A). After a single TX-100
treatment, there appeared to be fewer crypt neurons (Figure 4B). After two TX-100
treatments very few-to-no crypt OSNs were present (Figure 4C). The percent difference
in cell counts of anti-TrkA immunopositive profiles between right and left sides was
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compared (Figure 4D). For untreated control fish, there was some variability in the
number of anti-TrkA positive cells between the right and left olfactory epithelia, although
there was no significant difference in the mean percent difference between olfactory
organs (-26.22 ± 11.18%, p > 0.05). Supporting the labeling pattern observed in the 1xTX
group, there was a significant decrease in the number of anti-TrkA positive cells after a
single TX-100 treatment compared to controls (-77.17 ± 8.53%) (p > 0.05). The 2xTX
treatment group had a mean percent difference of -91.03 ± 3.62%, which was a significant
decrease compared to control tissue (p < 0.05) but was not significantly different from
1xTX treated tissue (p > 0.05).
It appears that crypt OSNs are damaged after a single TX-100 exposure, although
not significantly, and these cells are nearly depleted after a second detergent exposure.
Similar to microvillous OSNs, crypt cells are initially covered by the ciliar mat shielding
them from initial exposure of the first detergent infusion. Once the cilia have been
removed, crypt OSNs are now exposed to the environment and more susceptible to
damage from a second detergent treatment. The mean percent decrease in labeling after
the second TX-100 treatment for anti-TrkA was approximately double that of the decrease
seen in anti-Trpc2, compared to their respective controls. This suggests that although
crypt OSNs are initially protected from the first treatment by the cilia layer, they appear
to be more susceptible to damage than microvillous OSNs after the second TX-100
treatment.
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Figure 4.4. Anti-TrkA labeling of crypt OSNs in untreated control rosettes (A), 1xTX
treated rosettes (B), and 2xTX treated rosettes (C). Comparison of the mean percent
difference in optical density between control (black), 1xTX (polka-dot), and 2xTX
(checker) (D). Boxed region in (A-C) are shown in (A’-C’), respectively. Scale bar = 50um.

4.3.2 Lipid changes in the olfactory epithelium after chemical damage
Fish have developed a number of defense mechanisms to counteract damage that
the olfactory system may acquire from the environment. Defense mechanisms include
rapid neural regeneration47, detoxification mechanisms48-50, and structural barriers51 that
may play a role in neuroprotection. Finding ways to protect neurons and prevent
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degeneration is important in the treatment and prevention of neurodegenerative diseases.
Neuroprotection mechanisms are widely studied in the development for treatments and
drug targets related to disease, with increasing importance in discovering disease
biomarkers. As discussed in the previous section, changes in lipid abundance can be used
as disease biomarkers. To identify differences in the lipid make-up between the treatment
groups, DESI-MS was used to analyze treated and untreated olfactory tissue.
Treatment groups for these experiments were the same as previously stated. Each
rosette was analyzed first in negative mode and then subsequently in positive mode.
Relative abundances ranging from m/z = 600-1000 for the various treatment groups were
analyzed by PCA performed in RStudio software. Lipids were tentatively identified
through tandem MS/MS experiments and comparison to reference spectra from the
literature23-27 or Lipid Maps29, 30.
Qualitative differences in lipid abundance were observed in both the positive and
negative modes between the three treatment groups (Figures 4.5 and 4.6). In the positive
mode, m/z = 761, 799, 835, 845, 882, and 893 were the major lipid peaks that appeared
to show the most variation in relative abundance between the treatment groups in both
the LOE (used as internal controls) and the ROE (treated rosettes) (Figure 4.5). Tentative
identification of these peaks revealed that a majority corresponded to sodiated,
potassiated or ammoniated adducts of PC, SM, and triacylglycerol (TG) lipid species. One
notable observation was the reduction of m/z = 845, tentatively identified as ether-linked
PC (O-40:5) [M+Na]+, with multiple treatments while other lipid peaks, such as m/z =
835 tentatively identified as SM (42:2) [M+Na]+, increased in abundance (Figure 4.5). In
cell membranes, SMs mainly function as signaling molecules to regulate multiple cellular
processes that include cell proliferation, inflammation, differentiation and apoptosis.52-55
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It is possible that increases in SM could be related to an increase in inflammation of the
damaged tissue or possibly regenerative neurogenesis. While it was expected that any
observed changes in lipid abundance would be more dramatic in the treated ROEs, it was
surprising to see similar changes in the LOE internal control tissue. The left and right
olfactory organs of zebrafish are anatomically isolated from one another, and the
contralateral organ is typically used as an internal control in immunohistochemical
studies. Thus, changes observed in internal control tissue could be a result of a systemic
response occurring after chemical damage to the ROE.
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Figure 4.5. Spectral comparison of lipid peaks observed in m/z = 700-1000 in the
positive mode for LOE (a) and ROE (b). Samples include untreated (No Treatment), once
treated (1xTX) and twice treated (2xTX). Tentatively identified lipids are assigned to the
highlighted peaks.
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Distinct differences in lipid abundance were also observed in the negative mode
between the treatment groups (Figure 4.6). Most obvious was the relative increase in m/z
= 804.7 and the relative decrease in m/z = 909.7 upon multiple detergent infusions. These
lipid peaks were tentatively identified as PC (34:1) [M+HCOO]- and PI (40:6) [M-H]-,
respectively. PC is the most abundant phospholipid in the cellular membrane56, 57 and acts
as an important precursor to other lipids such as phosphatidic acid (PA) and
lysophosphatidylcholine (LPC).58, 59 During times of development or cell division, PC
synthesis is stimulated to aid in formation of additional membrane that is needed.58 It is
also involved in inflammation processes where it can act as either an anti-inflammatory
agent60, 61, or can be a mediator or precursor for inducing inflammation as an innate
immune response60. Thus, the increase in PC signal after chemical damage could result
from either an increased production of PC to repair the damaged epithelium, or from the
stimulation of inflammatory responses. PIs, on the other hand, are minor lipid
components that play an important role in Transient Receptor Potential (TRP) channel
modulation62, protein targeting63, 64, ciliogenesis and regulation of ciliary function65, 66. It
is possible then that PI (40:6) could be related to the presence or function of ciliated OSNs.
As seen from the immunohistochemical studies, in Figure 4.1, ciliated OSNs are almost
completely removed from the epithelium after a single TX-100 treatment, with more cells
being removed after a second detergent infusion. Mass spectral results of the treated
ROEs follow this trend with the reduction of m/z = 909.7 peak (Figure 4.6B). However,
PI (38:4) remains relatively unchanged in the ROEs with increased relative abundance in
the internal control LOEs. This could suggest that this PI species might be more involved
in neurogenesis or activation of cellular mechanisms needed for neuronal repair. Similar
to the positive mode results, changes in lipid abundance were observed in both the LOE
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internal control rosettes and the ROE treated rosettes suggesting that the LOEs may
undergo lipid changes as well even though they are not physically affected by the
detergent.

Figure 4.6. Spectral comparison of lipid peaks observed in m/z = 700-1000 in the
negative mode for LOE (a) and ROE (b). Samples include untreated (No Treatment), once
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treated (1xTX) and twice treated (2xTX). Tentatively identified lipids are assigned to the
highlighted peaks.

To tease out more detailed information about lipid and chemical changes that occur
upon detergent insult, the DESI-MS data was subjected to multivariate statistical analysis
using PCA. Results were plotted against the first two principal components accounting
for the most variance within the data. Normalized peak intensities in the mass range of
m/z = 600-1000 were compared between untreated controls, 1xTX samples, and 2xTX
samples in the negative and positive mode for the treated ROEs (Figure 4.7) and the
internal control LOEs (Figure 4.8).
PCA results of the treated ROEs did show some separation and clustering of
samples between the different treatment groups (Figure 4.7). However, the total variance
explained by PC1 and PC2 is only approximately 70% in either mode. This mild separation
between treatment groups compared to untreated control samples can potentially be
explained by the regenerative nature of the zebrafish olfactory system. Since this type of
chemical damage is reversible, and the tissue can completely regenerate within 7 days, it
is plausible that lipid abundance will maintain some congruity to control tissue.
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Figure 4.7. PCA plot of untreated controls (blue), 1x treated (yellow), and 2x treated (red)
of ROEs (treated rosettes) in the negative mode ((a) and (b)), and the positive mode ((c)
and (d)). Plots (a) and (c) are with 1x and 2x treatment groups shown separately. Plots (b)
and (d) are the same as their respective plots above, but with 1x and 2x treatment samples
combined in a single group. Ellipses represent concentration ellipses for each treatment
group.

Treated ROEs showed more separation between the 1x and 2x treatment groups in
the negative mode (Figure 4.7 (a) and (b)) compared to the positive mode (Figure 4.7 (c)
and (d)). This suggests that lipids that ionize in the negative mode may be more indicative
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of damage in the epithelium since separation is seen between the 1x and 2x groups in the
negative mode (Figure 4.7 (a)) and there is relatively no separation between these
treatment groups seen in the positive mode (Figure 4.7 (c)). However, when the treatment
groups are combined, as shown in Figure 4.7 (b) and (d), there is still clear separation
between treated tissue and untreated control tissue.
The lipid abundances in the internal control rosettes (LOEs) were analyzed as well
(Figure 4.8). Because this tissue was not directly affected by the detergent treatment, it
was expected that lipid abundances would be similar to those of the untreated controls.
Interestingly, some separation was observed between untreated control samples and
internal control samples, particularly of lipids that ionize in the positive mode (Figure 4.7
(c) and (d)). Although this separation was not as dramatic as seen for the treated ROEs,
the different treatment groups can be distinguished and showed mild separation from one
another. The mild response observed in the LOEs could be due to a systemic effect as a
result of the chemical damage that occurred in the ROE. Damage to the nose could elicit
a response from the body that the nose needs repair and not necessarily distinguish that
only one side was damaged. Considering the close proximity of the rosettes to one another,
it is probable that some of the repair signaling is also sent to the other side, or is
communicated through the crosstalk of signals via the anterior commissure from the ROB
to the LOB with these signals ultimately sent to the LOE67,

68.

This is an important

observation as it shows that the internal control tissue does go through epithelial changes
even when no damage to that tissue has occurred. This suggests that care must be taken
when using intra-animal controls and that changes in internal control tissues could
provide more information as to the regeneration processes that take place.
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Figure 4.8. PCA plot of untreated controls (blue), 1x treated (yellow), and 2x treated
(red) of LOEs (Internal Controls) in the negative mode ((a) and (b)), and the positive
mode ((c) and (d)). Plots (a) and (c) are with 1x and 2x treatment groups shown separately.
Plots (b) and (d) are the same as their respective plots above, but with 1x and 2x treatment
samples combined in a single group. Ellipses represent concentration ellipses for each
treatment group.

From the PCA results, peaks that were recognized as major contributors to the
loadings of PC1 and PC2 in either the positive or negative mode were tentatively identified
and listed in Tables 4.1 and 4.2. In the ROE, lipid peaks tentatively assigned as either PC,
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PE, PI, SM, and TG were found to be the peaks responsible for most of the variation in
the PC loadings (Table 4.1). Interestingly, the peak at m/z = 909.7, tentatively identified
as PI (40:6) [M-H]- was also observed as one of the main differences seen in the spectra
comparing untreated control samples to treated samples (Figure 4.6). This further
supports the hypothesis that the relative abundance of this lipid could be used as an
indicator of epithelial damage in the OE or possibly attributed to the loss of ciliary
function.

Table 4.1. Spectral peaks observed in the treated ROE that were recognized as major
contributors to the loadings of PC1 and PC2. Only lipids recognized by CID or from the
literature were tentatively identified.
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Table 4.2. Spectral peaks observed in the internal control LOE that were recognized as
major contributors to the loadings of PC1 and PC2. Only lipids recognized by CID or from
the literature were tentatively identified.

Some of the major contributing peaks were also observed in the LOE and
tentatively assigned (Table 4.2). Because this tissue was not damaged, changes in
abundance of these lipids could be due to the fact that they do not need to be replenished
in the untreated tissue and therefore may be an indication that these lipids might be
related to an overall systemic response from the damage. Therefore, comparing the lipids
observed in the LOE to the lipids in the ROE could aid in identifying their relationship to
the regenerative process. For example, an intriguing result was the contribution of SM
(42:2) [M+Na]+ to both the ROE and the LOE in the positive mode (Tables 4.1 and 4.2).
This could suggest that this SM species is involved in multiple mechanisms, as mentioned
previously, such as inflammation and/or cell proliferation induced by an immune
response. Spectral results also show that this SM species increased in treated groups
compared to untreated controls, suggesting that this lipid is involved in the regenerative
process and could be increased due to the stimulation of repair signals. Lipid changes in
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the ROE that are not in the LOE could be more attributed to damage or inflammation60,
69.

This is supported by the contribution of PE (34:1) seen in the ROE (Table 4.1). PEs are

one of the main precursors of palmitoylethanolamide (PEA) which is a lipidic mediator
involved in endogenous protection mechanisms that are activated after tissue damage70.
A major role of PEA is to maintain cellular homeostasis after damage has occurred by
reducing inflammation through inhibiting mast cell activation.70, 71 Mast cells play a role
in the fish immune response and can be commonly found in the connective tissues of the
olfactory system.72, 73 Since PEA is synthesized in response to inflammation, it is plausible
that PE production would be increased in damaged tissue to be used for PEA synthesis.
While still unclear, the contribution of PS (32:1) to the variability seen in the LOE
and not the ROE could be from either an immune response or more involved in normal
turnover or tissue homeostasis. PS is a minor cellular component compared to PC or SM,
and is typically located in the cytosolic leaflet of the plasma membrane.74 However,
neurons undergoing apoptosis use PS as a signaling molecule on the cell surface to
activate their removal as cellular debris by phagocytic cells, such as macrophages.74, 75
This occurs during regular maintenance as well as induced apoptosis. It is possible that
this lipid is not a major contributor in the separation of ROE samples because of the
damage done to the epithelium but since it is a contributor to variation between LOE
samples it is more likely that some programmed cell death might be activated through an
immune response that is increased upon multiple detergent treatments.
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4.4 Conclusions
The present study provides evidence for the ability of microvillous OSNs to resist
damage when exposed to intranasal infusion with a chemical toxicant such as TX-100.
Statistical analysis confirms that the different types of OSNs respond differently to TX100 damage. Ciliated OSNs appear to be the most susceptible to detergent infusion,
followed by crypt OSNs. Microvillous OSNs appear to be the most resistant to chemical
damage, supporting previous studies indicating that microvillous OSNs were more
resistant to damage from toxicants.16,

17, 20, 21, 31

These results are consistent with the

hypothesis that sensory neurons mediating food detection are more protected against
damage than sensory neurons that detect other odorants. This dissertation adds to the
previous work by supporting the proposal that the initial removal of the ciliar mat leaves
the other sensory neurons directly exposed to the second detergent infusion. After the
second treatment, microvillous OSNs appear less reduced compared to the other OSN
types suggesting that other protection mechanisms may be involved.
DESI-MS analysis was able to reveal differences in lipid abundances after TX-100
treatment between the treated ROE samples as well as the internal control LOE samples.
PCA of these results supported the qualitative findings by illustrating the separation and
clustering of the data relative to the different treatment groups. These results suggest that
the internal control tissue of treated samples undergo metabolic changes as well which
may be due to a systemic reaction activated by the detergent application. It is then best to
take into account the possible metabolic changes that can occur in internal control tissue
when used for comparison in future experiments.
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Further studies are still needed in order to understand how specific neurons are
protected against damage and to understand the underlying mechanisms involved in
these neuroprotective effects. Discovering possible links to neuroprotection mechanisms
can ultimately help in identifying biomarkers or treatments of certain neurodegenerative
disorders.
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CHAPTER 5
DELAYED DESORPTION IMPROVES PROTEIN ANALYSIS BY
DESORPTION ELECTROSPRAY IONIZATION MASS
SPECTROMETRY (DESI-MS)

Sections of this chapter are adapted with permission from
T. L. Maser, E. Honarvar and A. R Venter
J. Am. Soc. Mass Spectrom. 2020, 9, 803.
Copyright © 2020 American Society for Mass Spectrometry

5.1 Introduction
Desorption electrospray ionization mass spectrometry (DESI-MS) is a spray based
ambient ionization technique in which the sample preparation steps of liquid extraction
and dissolution occur in real-time and molecules are detected directly from sample
surfaces by electrospray ionization.1-3
The DESI analysis process is usually described at the hand of the droplet pick-up
model4-6 where, after extraction into a micro-localized liquid surface layer, and
subsequent desorption, ionization occurs via standard ESI mechanisms.7-9 Direct analysis
and especially mass spectrometric imaging of samples can lead to complex signals of
proteins and metabolites that are often susceptible to loss in instrument sensitivity and
ion suppression effects.10, 11 Results from Shin et al., showed that the limits of detection
increased with increasing molecular mass and, for proteins larger than 25 kDa, a S/N > 5
could not be obtained.12 More recently, ion mobility has been used to improve the
detection of proteins from biological tissues. The addition of IMS helps to reduce non73

specific alkali-metal adducts and to isolate protein signal from complex sample
background ions, however, even then only proteins smaller than 16 kDa were detected.13,
14

It is evident that improvements are still needed to overcome the challenges of analyzing

larger proteins when studying intact proteins, or complex protein mixtures from
biological samples.
As described in more detail in Chapter 2, our group developed SDC and RESI to
breakdown the processes of DESI and to study desorption and ionization independently.15
Results suggested that the loss in signal of larger proteins is most likely a consequence of
incomplete dissolution of the sample into the micro-layer of solvent during the desorption
process.
These results are supported by observations using other related surface sampling
- direct ionization methods such as liquid-DESI16, nano-DESI17 and the liquid microjunction surface-sampling probe (LMJ-SSP)18. In liquid DESI, an analyte is dissolved
prior to analysis and analyzed directly without being natively present or previously
deposited onto a sample surface. Using liquid-DESI, it was shown that larger proteins up
to 150 kDa could be analyzed.16, 19 Nano-DESI and LMJ-SSP decouple the desorption and
ionization events and use liquid micro-junctions to desorb material from the sample
surface. Compared to typical DESI experiments, the timespan between desorption and
analysis is inherently increased by the time spent travelling through the capillary tubing
used to convey the extracted sample to the point of ionization.10 In LMJ-SSP the analysis
of murine gamma-interferon (a 45kDa protein) was described.20 Although in nano-DESI
so far only the detection of smaller proteins below 16 kDa have reported, a relationship
between dissolution time and analyte size using nano-DESI was previously described.17
Time-dependent response curves showed that smaller molecules such as rhodamine 6G
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and reserpine needed 30 seconds or less to reach a maximum instrumental response,
while the optimum time for cytochrome c was 90 seconds.17 These observations, together
with the SDC results, suggest that an increased dissolution time would be beneficial when
attempting protein analysis by DESI-MS.21
This work aims to demonstrate a method that can extend the time available for
dissolution to occur into the localized film of liquid on a sample surface into which the
analyte molecules are dissolved or extracted during DESI analysis. We have developed a
unique two-step configuration that separates the dissolution and desorption processes to
allow a longer time for complete protein dissolution to occur. Localized pre-wetting is setup to wet the sample surface with a solvent delivering capillary, the wetting quill, in-line
with, and prior to the desorption spray zone. This work also investigates the dependence
of the wetting quill set-up on varying delay times, differing solvent compositions, and
solvent flow rates.

5.2 Experimental methods
5.2.1 Samples and surfaces
Equine cytochrome c (cyt c, 12.3 kDa) and bovine serum albumin (BSA, 66.4 kDa)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Myoglobin (myo, 16.9 kDa) was
purchased from Protea Biosciences (Morgantown, WV, USA). α-Chymotrypsinogen (chtg,
25.6 kDa) was purchased from MP Biomedicals, LLC (Solon, OH, USA). Normal goat
serum (NGS) was purchased from Vector Laboratories (Burlingame, CA, USA). LC-MS
grade formic acid (FA) and acetonitrile (ACN) were purchased from Fluka Analytical
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(Morris Plains, NJ, USA). Ammonium bicarbonate (ABC) was purchased from Fisher
Scientific (Hampton, NH). Porous polyethylene (PolyE) surfaces with an average pore size
of 15-45 µM (POR X-4900) were purchased from Interstate Specialty Products (Sutton,
MA, USA).
PolyE surfaces offer a good compromise between properties required for sample
deposition and analysis. Wettability of porous PolyE allows for deposition of protein in
the native state. Porous PTFE, a standard surface for sample preparations in DESI, with
similar electronic properties to PolyE performs better for sample deposition with samples
containing denaturing solvent compositions. During analysis by DESI, typically rough
sample surfaces are preferred as this increases surface area and surface concentration per
DESI-footprint, while also preventing rivulets of desorbing solvent from delocalizing
sample components. Glass surfaces cause dislocation of the protein sample due to their
smooth surface and low contact angle of the applied wetting solvents, similar concerns
were also described for the liquid-microjunction techniques.22

5.2.2 Sample and solvent preparation
Protein samples were prepared in water between 80 and 160 µM as indicated
below and sprayed in homogenous lines using a pneumatically assisted sample sprayer
kept orthogonally relative to the PolyE sample surface. This approach reduced variability
in the sample due to the coffee ring effect seen when samples are spotted.23, 24 Protein
concentration, flow rate, gas pressure, and sprayer geometry were optimized to keep the
surface concentration at approximately 20-35 pmol/mm2 for cyt c and myo, or 40-70
pmol/mm2 for chtg. BSA and NGS were diluted and deposited on the surface to also
provide approximately 50 pmol/mm2 albumin surface concentrations. Typical operating
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conditions for sample deposition was 3 mm above the sample surface, 5 µL/min solvent
flow rate, using a gas pressure of 100 psi without the application of any spray voltage.
Pre-wetting solvents were applied to the sample during the DESI analysis
containing either 20%, 50%, or 80% ACN with 0.2% formic acid in water. The solution
was applied using a wetting quill, in-line and preceding the desorption sprayer, operated
at a flow rate of 0.5 µL/min, unless specified differently. To further investigate solvent
compositions and the possible synergistic effects of different combinations of additives,
delivered separately, different combinations of solutions containing only ACN, or ACN
with 0.2% formic acid, or 200 mM of ammonium bicarbonate were added as either the
pre-wetting solvent or desorption spray solvent in different combinations. For these
experiments, a desorption spray solvent containing 50:49.8:0.2% ACN:H2O:FA was used,
unless noted differently. The use of aqueous acetonitrile solutions containing low
concentrations of formic acid as a solvent system was previously shown to be optimal
when analyzing prepared protein samples and for proteins directly from biological
tissues.14, 25

5.2.3 Instrumentation
For all DESI analyses, a linear ion trap mass spectrometer (LTQ, Thermo Scientific,
Waltham, MA, USA) was combined with a three-dimensional translational stage (Purdue
University, West Lafayette, IN, USA). A standard electrosonic ionization source was
constructed in-house26 for the generation of a pneumatically-assisted solvent spray. A
potential of +4.0 kV was applied to the stainless-steel needle of the solvent syringe.
Desorption spray solvent flow rate was set to 5 µL/min with N2 nebulizing gas at 100 psi.
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The MS inlet capillary of the ion transfer tube was extended by 10 cm. The transfer
capillary temperature was set at 250°C and capillary voltage of 45 V while the tube lens
was set at 125 V - 180 V, depending on the size of the protein. The distance of the
desorption sprayer to the MS inlet was nominally set at 4 mm with a height of 1 mm above
the sample surface and an incident spray angle of 55°.
A wetting quill was constructed as shown in Figure 5.1 using a 15 cm long 1/16”
stainless-steel metal capillary (I.D. 0.25 mm) beveled down to a sharp tip. The tip of the
quill was bent at 70° and placed just touching the surface to gently draw a line of wetting
solvent across the sample. The metal solvent capillary was connected to a syringe pump
to allow an optimized flow rate of 0.5 µL/min. An XYZ micrometer positioning stage was
used to properly align the wetting quill with a desorption track. Once in-line, delay
distances were measured from the tip of the desorption sprayer to the tip of the wetting
quill. The lateral position (Figure 5.1 (a)) refers to the wetting quill placed adjacent to the
desorption sprayer with the stage moving in the positive X-direction as is typical for
standard DESI experiments. The aligned position (Figure 5.1 (b)) refers to the wetting
quill placed directly behind the desorption sprayer and in-line with the MS inlet with the
stage moving in the positive Y-direction.
Protein deconvolution were performed by MagTran software (1.03)27 or Unidec28.
Improvement of protein signal was based on the comparison of signal intensity of the
highest intensity charge state (HICS) for each protein. For all experiments, n=3 trials and
each trial was the average of three to five sample lines.
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5.3 Results and discussion
5.3.1 Wetting quill set-up
To increase protein dissolution a pre-wetting solvent was applied directly to the
sample prior to DESI-MS analysis. Initially, the wetting quill was positioned laterally to
the DESI sprayer with the stage moving in the positive X-direction, as shown in Figure
5.1 (a). With pre-wetting of the sample in the lateral positioning, however much of the
wetted sample was displaced by the energetic and expanding plume of the nebulized
solvent from the desorption sprayer, even before the protein sample reached the area of
analysis. It was clearly visible during analysis that the pre-wetted sample was being blown
away, contributing to a decrease in protein signal. To minimize this effect, the wetting
quill was positioned behind the DESI sprayer and in-line with the MS inlet (Figure 5.1
(b)). This aligned position allowed the pre-wetted sample to move into the area of analysis
with very little to no displacement by the desorption solvent spray plume. This
configuration was used for the remainder of the experiments.

Figure 5.1. Positioning of the wetting quill relative to the MS inlet showing (a) a lateral
position, and (b) an aligned position. Rearranging the position of the wetting quill relative
to the DESI sprayer reduced solvent dislocation by the gas plume.
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5.3.2 Optimization of wetting flow rate
Under the conditions of these experiments, the DESI desorption sprayer footprint
was ≤ 250 µm in width. Ideally the wetting line produced by the wetting quill should be
within this desorption width to minimize dilution effects and prevent delocalization of
surface chemical components. Using a wetting flow rate of ≤ 0.5 µL/min was required to
create wetting lines that were relative in size to the desorption spray line. When using the
wetting quill with higher flow rates, wetting lines larger than the analysis line of the
desorption sprayer were created that excessively diluted and displaced the sample and
reduced the protein signal relative to no-wetting controls.

5.3.3 Optimization of solvent composition and delay time
The dissolution process is considered key when addressing poor instrument
sensitivity of proteins by DESI and therefore solvents used to improve protein dissolution
should be beneficial for improving protein signal.10 A good wetting solvent should not
bead up, but wet the surface enough to enable extraction and dissolution, without
delocalizing any sample and should also not evaporate too quickly before analysis can
occur. Another consideration is that protein ionization by ESI or DESI-MS is also
dependent on spray solvent composition.29-32 While low-viscosity polar organic solvents
are beneficial for ionization they may increase denaturation, and often decrease
solubility.33, 34
Improving dissolution in DESI not only requires the optimum solvent, but also
requires the optimum length of time needed between pre-wetting and desorption for
complete dissolution to occur. This length of time is referred to as the desorption delay
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time, further-on simply called delay time. Since the optimum delay time very likely are
influenced by solvent properties such as evaporation rate, both solvent composition and
delay times were optimized together as described below.
Figure 5.2 shows optimization results obtained for the DESI analysis of a protein
mixture of cyt c, myo, and chtg while changing delay times for three different organic
concentrations in the wetting quill solvent. Delay times were determined by the distance
of the wetting quill tip relative to the desorption sprayer tip. Distances of 1 mm, 5 mm,
and 10 mm equated to approximately 6 seconds, 33 seconds and 66 seconds, respectively,
when using an optimized stage moving speed of 150 µm/sec.2 Wetting solvents consisted
of either 20%, 50%, or 80% ACN in water with 0.2% formic acid, with the desorption
solvent remaining constant at 50% ACN with 0.2% formic acid in H2O. Pre-wetting with
20% ACN reduced the signal intensity for cyt c and myo at all three delay times compared
to no-wetting controls, while a slight improvement in intensity for chtg at the 33 sec and
66 sec delay times were observed. High water compositions (20% ACN) also had a high
contact angle30 that caused beading droplets and subsequent distribution of the protein
when under the desorption spray plume.
Higher organic fractions in the wetting solvent lead to increased wetting of the
moderately non-polar PolyE sample surface. At high ACN concentrations (80%), the
wetting solvent would rapidly soak into the sample surface possibly pulling the protein
deeper into the PolyE pores possibly contributing to a reduction in signal. Wetting with
80% ACN caused a decrease in intensity for all proteins, but the signal recovered, and
even improved relative to the no-wetting control, at longer delay times.
The largest increase in signal intensity for all three proteins when compared to
controls was seen when wetting with 50% ACN at the 7 sec and 33 sec delay time. Wetting
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with 50% ACN was a good compromise between wetting of the surface while also not
soaking into it. The delay times of 7 sec and 66 sec presented more signal variation
between trials and between the different proteins. This increased variation could
conceivably be the consequence of a variety of indeterminate factors including: (1) With
a freshly wetted sample, relatively more solvent is present on top of the surface and
therefore more likely to be delocalized during the approach of the desorbing sprayer; (2)
With longer delay times the wetting solvent has more time to seep across the surface
and/or evaporate, and evaporation is room temperature and humidity dependent; (3)
Longer delay times at constant sample scan speeds require greater distances between
wetting quill and desorption sprayer, magnifying potential minor misalignments, also
conceivably contributing to greater variation in observed improvements with wetting.
Wetting with 50% ACN with a 33 sec delay time appeared to be a good compromise
between these effects, while still delivering a reasonable signal improvement for all the
proteins in the sample and was thus the combination used for the remainder of the results
shown in this study.
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Figure 5.2. The dependence of signal intensity obtained for the HICS on pre-wetting
solvent composition and delay time for the analysis of a mixture of (a) cytochrome c, (b)
myoglobin, and (c) chymotrypsinogen. Intensity values for the different pre-wetting
solvents and different delay times were compared to no wetting (NW) controls marked on
the y-axis (red⧫). All pre-wetting solvents contained 0.2% FA with varying concentrations
of ACN: 20% (-●-), 50% (-▲-), and 80% (-∎-). n = 3 trails for each solvent at every delay
time and each trial was the average of 5 deposited protein lines. Error bars are ± standard
deviation.
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5.3.4 Synergistic effects of unmixable solvent additives
A pronounced benefit of this two-step technique is the ability to add various
additives into the wetting and desorption solvent that cannot be pre-mixed together in a
single solution. Formic acid is a common additive used in ESI and DESI analysis due to
its ability to increase intensity through higher solution conductivity31, 35, 36, and to reduce
the prevalence of non-protonated ion-forms30, 31. Similarly, when ammonium bicarbonate,
a weak base, was added to the desorption spray solvent, an increase in protein unfolding
was observed, along with an increase in signal intensity compared to no-additive
controls.37,

38

When solutions of formic acid and ammonium bicarbonate are mixed,

protonation of bicarbonate leads to the rapid liberation of carbon dioxide gas. The wetting
quill allows for the simultaneous use of formic acid and ammonium bicarbonate in a
single experiment, while keeping the two reagents separate until they mix directly on the
sample surface during analyte desorption, where induced bubbling may help with rapid
protein dissolution and desorption.39 The base of each solvent system contained 50% ACN
in water with the addition of either 0.2% formic acid or 200 mM ammonium bicarbonate.
These solvents were used in either the wetting quill, the desorption sprayer, or both.
Based on the previous optimization experiments for the mixture of these proteins, a
wetting flowrate of 0.5 µL/min and a delay time of 33 seconds was used for all trials.
Figure 5.3 shows mass spectra for the analysis of a protein mixture containing cyt c, myo,
and chtg and Figure 5.4 shows the deconvoluted spectra of chtg, while deconvoluted
spectra for cyt c and myo are in Figures 5.5 and 5.6, respectively.
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Figure 5.3. DESI spectra of a sample mixture of cytochrome c, myoglobin, and
chymotrypsinogen with different additives added to either the DESI spray solvent or the
pre-wetting solvent. The sample was sprayed from water onto a PolyE surface and
analyzed with (a) 0.2% FA in 50% ACN and no pre-wetting (FA control), (b) 200 mM ABC
in 50% ACN and no pre-wetting (ABC control), (c) pre-wetting with 50% ACN and
spraying with 0.2% FA, (d) pre-wetting with 50% ACN and spraying with 200 mM ABC,
(e) pre-wetting with 0.2% FA and spraying with 0.2% FA, (f) pre-wetting with 0.2% FA
and spraying with 200mM ABC, (g) pre-wetting with 200 mM ABC and spraying with 0.2%
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FA, (h) pre-wetting with 200 mM ABC and spraying with 200 mM ABC. Triangle = cyt c,
diamond = myo, and star = chtg. Text in figure represents the intensities (± standard
deviation) of the HICS for each protein, while total protein signal is presented in Figure
5.4, 5.5 and 5.6.

Figure 5.4. Deconvoluted spectra obtained for chymotrypsinogen with different
combinations of additives in the DESI sprayer and/or wetting quill.

Under standard DESI conditions where no wetting solvent is applied, and with
formic acid as additive in the desorption sprayer, unimodal envelopes were observed
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showing mostly higher charge states indicative of protein in a denatured state for both cyt
c and myo (Figure 5.3 (a)). Chtg, however, was only present at very low intensities. The
deconvolution of chtg in Figure 5.4 (b) clearly shows the distribution of the chtg peaks
across multiple forms, the major chtg peak (mass = 25650), as well as the presence of +98
adducts (mass = 25748 and 25846), contributing to the lower protein HICS intensity. The
+98 adduct is likely sulfate or phosphate adducts as previously described in ESI.40 In a
second no-wetting control experiment where ammonium bicarbonate was used as
additive in the desorption sprayer, lower signal intensities of cyt c and myo were obtained
compared to when formic acid was used (Figure 5.3 (b)). In contrast, the signal intensity
for chtg increased by approximately a factor of 3 compared to formic acid. The increase
in signal intensity for chtg is likely due to the removal of adducts by ammonium
bicarbonate, specifically the mass + 98 adduct. The spectrum in Figure 5.4 (c) shows the
complete removal of +98 adduct in the deconvolution of chtg when ammonium
bicarbonate is used with DESI.
When pre-wetting with a 50% ACN solvent without any additional additives, the
signal intensities mildly improved for all three proteins compared to the respective nowetting controls (Figure 5.3 (c) and 5.3 (d)). Improvements varied from between 15% for
myo with formic acid desorption to 100% improvement for chtg with ammonium
bicarbonate desorption.
Using formic acid as additive in the wetting solvent and desorption spray solvent,
a small increase in signal intensity was observed for all proteins (Figure 5.3 (e)) compared
to formic acid no-wetting control. While signal intensity increased when formic acid was
added into the wetting solvent, the intensities of the adducted forms increased as well
(Figure 5.4 (h)). The major adduct in cyt c was a + 80 adduct, while myo was adducted by
87

+ 92 (Figures 5.5 and 5.6, respectively). Since the +92 adduct was only observed when
formic acid was used as an additive, it is thought to be the contribution of two formic acid
molecules. However, due to the low mass resolution of the instrument used, we were
unable to unambiguously identify these adducts.

Figure 5.5. Deconvoluted spectra obtained for cytochrome c with different combinations
of additives in the DESI sprayer and/or wetting quill.
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Figure 5.6. Deconvoluted spectra obtained for myoglobin with different combinations
of additives in the DESI sprayer and/or wetting quill.

Pre-wetting with ammonium bicarbonate while using formic acid in the desorption
sprayer produced an increase in the number of charge states observed. The signal
intensity for myoglobin slightly increased while the intensities for cyt c and chtg remained
constant (Figure 5.3 (g)). This solvent combination also mildly reduced the +98 adduct
but did not increase the overall signal of chtg (Figure 5.4 (k)). A similar effect is seen for
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myoglobin (Figure 5.6). Interestingly, adduct reduction here, was not as pronounced
compared to the ammonium bicarbonate no-wetting control.
When ammonium bicarbonate was used in both the pre-wetting and desorption
solvent a decrease in signal intensity was observed for all proteins compared to the
ammonium bicarbonate no-wetting control (Figure 5.3 (h)). However, compared to the
use of no additive or formic acid in the desorption sprayer (Figure 5.4 (a) and 5.4 (b),
respectively), the chtg +98 adduct was visibly reduced (Figure 5.4 (l)) resulting in a higher
protein intensity for chymotrypsinogen.
Pre-wetting with formic acid and using ammonium bicarbonate in the desorption
sprayer (Figure 5.3 (f)) showed an increase in intensity for cyt c and myo approximately
by a factor of 2 compared to the ammonium bicarbonate no-wetting control. Chtg signal
intensity increased 4 times compared to the ammonium bicarbonate no-wetting control
and a dramatic 12 times compared to the formic acid no-wetting control. This
demonstrates the cooperative benefit of removing adducts by ammonium bicarbonate
while also increasing signal intensity with formic acid.
The optimum combination of wetting solvent and desorption solvent appears to be
protein dependent. For example, the best combination for chtg was pre-wetting with
formic acid and desorption with ammonium bicarbonate where an improvement of 12
times the standard DESI experiment was observed (Figure 5.3 (f)). As mentioned, this is
attributed to the removal of the + 98 adduct by ammonium bicarbonate, along with the
intensity increase commonly seen when formic acid is used. However, for myo, the best
improvement was observed with the opposite solvent combination of wetting with
ammonium bicarbonate and formic acid in the desorption solvent (Figure 5.3 (g)).
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These variations in the individual protein signal intensities can to some extent be
explained by the use of these additives and their position in the Hofmeister series in terms
of protein solubility.41 Previously, we found that using ammonium bicarbonate as an
additive in the desorption sprayer decreased protein intensity for cyt c compared to using
formic acid in the desorption sprayer38 even as ammonium bicarbonate addition
increased S/N. Results also indicated that ammonium bicarbonate additive was better
suited for increasing S/N of proteins with higher isoelectric points (cyt c pI=10, chtg
pI=8.9), and showed little to no improvement in S/N for proteins with lower pIs (myo
pI=6.8) while also decreasing the signal intensity compared to acidic additives, such as
formic acid. Therefore, it is important to consider protein pI when choosing wetting
solvent additives. The differences in effects observed between wetting with formic acid
versus with ammonium bicarbonate is therefor likely caused by lower solubility of protein
solutions containing higher concentrations of ammonium bicarbonate, exacerbated by
the prolonged exposure to this solvent system during the desorption delay.
In addition to the changes in abundance of the proteins, shifts in charge state
envelopes were also observed. The largest change was observed for permutations in the
desorption solvent composition, especially for chtg. Within the series of wetting spray
solvent systems for a particular desorption solvent system there was very little change in
the appearance of the protein envelopes. When formic acid was exchanged for ammonium
bicarbonate in the desorption solvent the HICS for myo and cyt c differed by only one or
two charge states, whereas for chtg the change was much more dramatic. For chtg, with
the change in additive to the desorption spray solvent a second high-charge state envelope
appeared that partially overlapped with the more native-like envelope, producing a bi- or
multi-modal charge state distribution.
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5.3.5 Analysis of larger proteins and complex mixtures
Due to the complexity of the spectrum obtained for BSA, this protein was analyzed
separately from the proteins used for optimization. BSA with a mass around 66 kDa and
a pI value of 4.7 was analyzed with and without desorption delay. Similar to the results
shown in Figure 5.3 (c), a small increase in signal intensity for BSA was observed when
wetting with a solvent containing 50% ACN without any other additives (Figure 5.7 (b)).
However, when formic acid was added into the pre-wetting solvent system, the signal
intensity increased further, while also reducing noise, giving sharper peaks in the protein
envelope (Figure 5.7 (c)). Ammonium bicarbonate solvent addition is not beneficial for
proteins with low pI as we had reported on previously37, 38, and as can also be seen for
myoglobin, another low pI protein, in the results shown in Figure 5.3.
Goat serum (NGS) was analyzed to illustrate the ability of delayed desorptionDESI to improve the analysis of proteins in complex samples. NGS contains ~30 g/L
albumin (66 kDa), as well as many other proteins ranging in size from ~13-450 kDa.42
The serum was diluted to provide a sample with a similar surface concentration of 50
pmol/mm2 as the albumin data shown in Figure 5.7. Upon prewetting with a solution
containing 50% ACN and 0.2% formic acid as additive, similar to the results obtained in
the pure BSA sample, the signal intensity of protein peaks improved by around 150%.
(Figure 5.8).
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Figure 5.7. Signal intensities for BSA with (a) no wetting solvent, (b) wetting with 50%
ACN, and (c) wetting with FA as additive. 33 seconds was used as the delay time.
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Figure 5.8. Overlaid spectra of NGS without wetting (black) and wetting with FA as
additive (red).

A comparison of the deconvoluted data from the spectra for both the of BSA and
NGS samples, in Figure 5.9, show as most intense peaks the albumin monomer at 66 kDa,
followed by an intense peak around 133 kDa, likely to be the albumin dimer.43 For both
samples, after prewetting, these signals are distributed over fewer adducted forms of the
protein, contributing to the increased intensities observed for the albumin peaks in the
spectra shown in Figures 5.7 and 5.8. The relative intensity of the albumin dimer in NGS
also decreased compared to the monomer base peak.
The NGS sample also contain other proteins besides the most abundant albumin.
Without desorption delay (prewetting) a protein with a mass of around 100 kDa can be
seen (possibly plasminogen or transferrin) as well as less intense signals for smaller
proteins around 20 kDa. After prewetting and analysis by desorption delay DESI,
additional protein peaks appear in the low mass region, as well as an intense peak around
195 kDa. While this peak could conceivably be an albumin trimer, its noteworthy that a
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similar multimer was not observed for the BSA standard with a similar albumin surface
concentration and could therefor also be a distinct goat protein. Unfortunately, the low
mass accuracy and resolution of the mass spectrometer used for these experiments did
not allow for unambiguous determination of the proteins.

Figure 5.9. Deconvolution of BSA and NGS when no wetting solvent is applied ((a) and
(b), respectively) and wetting with FA as additive ((c) and (d), respectively).
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5.4 Conclusions
Protein signal intensities were improved with the application of pre-wetting
solvents containing additives prior to DESI analysis, although this effect is rather mild.
Dramatic increases in protein signal are, however, possible when cooperative solvent
systems are used. This was illustrated by the analysis of chtg when pre-wetted using
solutions containing formic acid, followed by desorption using an ammonium
bicarbonate containing solvent. This easily implemented technique is a simple way to
increase instrumental sensitivity for larger proteins without making changes to sample
preparation methods. While no single method of protein signal improvement is likely to
address the complexity of larger protein analyses by DESI alone, when used in
conjunction with other approaches, such as ion mobility, we hope that future
experimental iterations will provide a more comprehensive analysis of protein from
complex biological samples. Because sample delocalization and dilution can occur with
the addition of pre-wetting solvent, even lower pre-wetting flow rates than what was used
here are preferable. Therefore, in the next chapter we investigate the use of organic
solvent vapor addition in a small enclosure surrounding the ionization plume to improve
protein and lipid analysis by DESI-MS.
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CHAPTER 6
ADDITION OF POLAR ORGANIC SOLVENT VAPORS DURING THE
ANALYSIS OF PROTEINS BY DESI-MS

Sections of this chapter are adapted with permission from
T. L. Maser, R. Javanshad and A. R Venter
J. Am. Soc. Mass Spectrom. 2019, 30, 2571.
Copyright © 2019 American Chemical Society

6.1 Introduction
Implementations of desorption electrospray ionization mass spectrometry (DESIMS) has been disproportionately in favor of direct or ambient analysis of smaller
molecules such as metabolites and lipids, since analysis of larger molecules such as
proteins by DESI-MS has proven to be challenging.1, 2 However, with the continuous
efforts toward improving DESI-MS of proteins, this technique is rapidly becoming a
powerful tool for direct analysis of large proteins (>25 kDa) from complex mixtures.
Solvent additives including ammonium bicarbonate3 and serine4, or strategies
such as delayed-desorption-DESI5 and combinations of these approaches have aimed to
address supposed problems with the slow kinetics of protein dissolution during the
analysis of proteins by DESI. Another very powerful approach entails coupling of DESIMS to ion mobility which now allows for imaging of small proteins and peptides directly
from tissue samples.6, 7 The addition of polar organic vapors into the spray chamber or
curtain gas during ESI analysis was shown to enhance electrospray ionization of proteins
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and peptides. Under such conditions a reduction of alkali metal adduction was observed
together with changes in proteins charge states, typically to lower charge values.8-10 The
addition of polar organic vapors such as acetonitrile, acetone, ethyl acetate, water and
small alcohols helped remove metal adducts presumably via ion evaporation. It was
suggested that the effectiveness of these vapors in removal of the metal species come from
their ability to lower the activation energy required for metal ion evaporation. Vapors that
have a greater impact in lowering the activation energy of ion evaporation of the metal
will

be

more

beneficial

in

terms

of

removing

adducts

from

protein

complexes.8 Additionally, an enclosed commercial ionization source was shown to
increase the charge states of tryptic peptides when ionized in an atmosphere enriched in
acetonitrile vapors.11
Given the similarities between ESI and DESI, it is likely that the same treatment
could positively affect DESI-MS analysis of proteins. Despite the differences in the initial
sample phase, after dissolution and desorption, DESI follows similar ionization
mechanisms as ESI.12 Therefore, successful approaches to improving protein analysis by
ESI have often been applicable to DESI as well.
The application of vapor additives in DESI requires enclosure of the DESI
desorbing and ionizing plume to contain the vapors. An enclosed DESI source was
previously described.13 Here we introduce polar organic vapors of acetone, acetonitrile,
ethyl acetate, methanol, and water to the gas phase through a semi-enclosed DESI
system.
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6.2 Experimental methods
6.2.1 Materials and solvents
Equine cytochrome c (Cyt c, 12.3 kDa), bovine erythrocyte carbonic anhydrase
isozyme II (CAII, 30.0 kDa) and bovine serum albumin (BSA, 66 kDa) were purchased
from Sigma-Aldrich (St. Louis, MO). Bovine myoglobin (Myo, 16.9 kDa) was purchased
from Protea (Morgantown, WV). HPLC-MS grade methanol, acetone, and acetonitrile
were purchased from Sigma-Aldrich (St. Louis, MO). Extra dry (water<50 ppm) ethyl
acetate was purchased from ACROS Organics (Geel, Belgium). LC-MS grade formic acid
was purchased from Fluka Analytical (Morris Plains, NJ). Ultrapure water was supplied
from Thermo-Barnstead Water Polisher. Porous-polyethylene surfaces (PolyE) with
average pore size of 15-45 μm (POREX-4900) were purchased from Interstate Specialty
Products (Sutton, MA).

6.2.2 Sample preparation
Each protein standard was prepared and analyzed independently. Lyophilized
proteins were first dissolved in milliQ water to prepare stock solutions. Protein samples
were made from the stock solutions by further dilution with milliQ water to reach a final
concentration of 80 μM. The protein solutions were spray-deposited onto a PolyE surface
to yield sample lines with an estimated surface concentration of 20 - 25 pmol/mm2. For
each experiment, at least 3 sample lines were scanned. Error bars represent ± standard
deviation.
SPLASH® Lipidomix® mass spectrometry standard was purchased from Avanti
Polar Lipids (Alabaster, AL, USA) and made up into concentrations of 5µM
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phosphatidylcholine (PC) for ESI or made into a solution of 1:1 methanol/chloroform to
have a final surface concentration of 80 pmol/mm2 PC per spot on printed PTFE glass
slides for DESI analysis.
All experimental and animal care protocols were approved by the Institutional
Animal Care and Use Committee (IACUC). Zebrafish olfactory tissue (right and left
rosettes) were dissected out and flash frozen onto a glass slide on dry ice and stored at 80 °C until used for DESI-MS analysis.

6.2.3 Instrumentation
DESI-MS analysis was performed with a linear ion trap mass spectrometer (LTQ,
Thermo Scientific, Waltham, MA, USA) combined with a 3-dimensional translational
stage (Purdue University, West Lafayette, IN, USA). A house-built electrosonic spray
ionization source (ESSI)14 was used for generating pneumatically-assisted electrospray
using two co-axial fused silica capillaries inside a T-piece. An 80% methanol solution
containing 0.1% formic acid was delivered through the inner silica capillary (I.D. 50 µm,
O.D. 220 µm) with the flow rate of 5 μL/min and nebulizing nitrogen gas was delivered
through the outer silica capillary (I.D. 320 µm, O.D. 450 µm, length 1.5 cm) at 100 psi.
For generating charged solvent droplets, 4.0 kV was applied to the syringe delivering the
DESI spray solvent. The MS inlet temperature was set at 250°C. LTQ ion optics voltages
were optimized for each protein individually. Tube lens voltage and ion transfer capillary
voltage were optimized between 110-130 V and 20-45 V, respectively.
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6.2.4 DESI parameters and enclosure
The sprayer to MS inlet distance and sprayer to surface distance were optimized
around 4 mm and 1 mm respectively, and the incident spray angle was adjusted to 54° 55°. The plastic enclosure was cut from a 1 mL plastic pipette tip which fitted tightly
around the front ring of the 1/16” Swagelok nut that secures the gas nebulizing capillary
of the ESSI sprayer assembly, as shown in Figure 6.1.

Figure 6.1. Photo of enclosed DESI sprayer and vapor addition setup.

The enclosure was specifically cut for the desorption sprayer so that attaching the
enclosure would make minimum change in the desorption spray. To fit the extended MS
inlet inside the enclosure, a small cut was made in the front of the plastic enclosure.
Vapors were delivered to the enclosure cavity by 1/8” PTFE tubing that was connected to
a Schott ® bottle half-filled with solvent. The N2 inlet tube protruded into the bottle to a
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position close to the solvent surface and below that of the vapor exit tube. The vapor exit
tube entered the enclosure through a small hole positioned behind the DESI sprayer
drilled into the back of the plastic tip. The nitrogen flow rate was controlled with a needle
valve and optimized at 1 L/min or 50 mL/min for less or more confining enclosures
respectively, as discussed below. Reagent vapors investigated were acetone, acetonitrile,
ethyl acetate, methanol, and water.

6.3 Results and discussion
6.3.1 Enclosure considerations
The effects resulting from vapor addition during DESI analysis are the
consequence of two facets: physical effects and chemical effects. Physically attaching the
enclosure to DESI sprayer can affect the performance of the DESI source, most notably
through subtle changes in DESI sprayer geometry, which influences droplet dynamics.
Moreover, the enclosure’s physical parameters such as the shape, position of vapor
delivery inlet and whether the surface and DESI sprayer are completely confined within
the enclosure cavity can affect the gas flow dynamics. For example, a less confining
enclosure with space between the surface and the enclosure optimizes to higher vapor
flow rates (1 L/min), whereas in a tightly confined enclosure cavity the flow dynamics are
completely disturbed with such high vapor flow rates, and as a result, signal deteriorates.
In the following experiments, the enclosure was made to maintain the optimized
non-enclosed DESI spray geometry as much as possible. The back of the enclosure was
also raised slightly above the surface to provide a less restricted cavity which allows using
higher vapor flow rates.
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Aside from the physical effects, the chemical effects of each solvent vapor on the
primary electrospray droplets leaving the ion source, on the sample on the surface or on
the secondary droplets after desorption are related to the properties of the solvent
molecules such as polarity, gas-phase proton affinity, dipole moment, etc. Optimal
conditions, therefore, will depend on an intricate balance between the shape of the
enclosure, DESI sprayer parameters, vapor flow rate, the position of the vapor inlet and
possibly also the chemical identity of the vapor.

6.3.2 Effects of different solvent vapors on different proteins
To survey the effects of different vapors on protein signal, initially two model
proteins (myoglobin and bovine serum albumin) were analyzed by DESI using an array
of vapor additives as summarized in Figure 6.2.
Nitrogen gas by itself as control, or doped with methanol, acetone, acetonitrile,
water and ethyl acetate vapors were each separately introduced to the semi-enclosed
DESI at a flow rate of 1 L/min. The effect of the vapor additives on protein signal was
analyzed in positive ion mode. The signal intensities of the highest intensity charge
states (HICS) of myoglobin and bovine serum albumin were analyzed under nitrogen gas
enriched with the different vapors. When ethyl acetate vapor was supplied under these
conditions the signal intensity of both proteins increased approximately four times as
shown in Figure 6.2 and Figure 6.3 (a) and 6.3 (b).
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Figure 6.2. Effect of different vapors on signal intensity of natively deposited proteins
(a) myoglobin and (b) bovine serum albumin when analyzed by DESI-MS using 80%
methanol containing 0.1% formic acid as the solvent.

However, other vapor additives only mildly affected the HICS intensities and
caused the signal to decrease or remain relatively unchanged. The effects of the various
vapors on the total protein signal for myoglobin shown in Figure 6.3 mirrors the
observations in figure 6.2 (a). Unfortunately, the total protein signal for BSA was difficult
to obtain due to heavy adduction and the low mass resolution of the mass spectrometer
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used. These observations were similar in magnitude to the results previously described
when vapors were introduced into the curtain gas during ESI-MS of holo-myoglobin.9

Figure 6.3. Effect of different vapors on deconvoluted protein signal intensity of natively
deposited myoglobin when analyzed by DESI-MS using 80% methanol containing 0.1%
formic acid as the solvent.

The addition of ethyl acetate as a fraction directly into the desorption spray solvent
reduced the signal intensity dramatically. Figure 6.4 shows data for CAII analyzed with
and without ethyl acetate mixed as a fraction into the desorption spray solvent. Ethyl
acetate is miscible in water up to 10% and totally miscible in 50% MeOH solutions. When
10% ethyl acetate was added as a fraction into the desorption spray solvent, the signal
intensity was reduced by over an order of magnitude. When the fraction of ethyl acetate
was further increased to 20% it was hard to detect any protein peaks. Considering the 5
µL/min desorption spray flow rate, even at 20% the total moles of ethyl acetate delivered
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per unit time was still significantly lower than when ethyl acetate vapors were supplied as
dopant into the auxiliary gas, where the ethyl acetate consumption measured at the supply
bottle was approximately 500 µL/min.

Figure 6.4. The addition of ethyl acetate as a fraction directly into the desorption spray
solvent reduces the signal intensity. Demonstrated is 40 pmol/mm2 carbonic anhydrase
II analyzed with 50% MeOH, 0.1% formic acid, and with and without ethyl acetate as
indicated.

The remarkable effect of ethyl acetate on signal intensity was also observed with
other proteins such as cytochrome c (Figure 6.5 (c)) and carbonic anhydrase II (Figure
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6.5 (d)). Figure 6.5 shows the effect of ethyl acetate vapor on signal intensities and mass
spectra for four different proteins compared to pure nitrogen gas. Here, when envelopes
were deconvoluted, the summed signal intensities for each protein increased by factors of
6, 5 and 3 times each for myo, cyt c and CAII, respectively. (The unresolved envelope of
BSA could not be deconvoluted).

Figure 6.5. Comparison of spectra and signal intensity for different proteins (a)
myoglobin, (b) bovine serum albumin, (c) cytochrome c, and (d) carbonic anhydrase II
when exposed to N2 (top spectra) and when exposed to ethyl acetate vapor in N2 (bottom
spectra). N2 flow rate was set at 1 L/min.
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In an attempt to further optimize the conditions, the desorption sprayer and
surface were more tightly enclosed, i.e. the plastic tip completely touched the sample
surface and enclosed the DESI sprayer. This setup was not tolerant of the 1 L/min vapor
flow rate, and the vapor doped nitrogen auxiliary gas flow rate was optimized to 50
mL/min. With the more confining setup, ethyl acetate vapors increased signal of
cytochrome c (Figure 6.6 (a)) and carbonic anhydrase II (Figure 6.6 (b)) even more, to
approximately six times when compared to nitrogen vapor.

Figure 6.6. Comparison of spectra and signal intensity for (a) cytochrome c, and (b)
carbonic anhydrase II when enclosure area was more restricted. Vapor flow rate was set
at 50 mL/min.
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This illustrates that further improvements to signal intensity will be possible with
a carefully designed and optimized enclosure geometry and operating conditions. The
chemical effect of ethyl acetate on signal intensity can be observed regardless of the
physical complications of the addition of an enclosure and the introduction of auxiliary
N2 gas, both which affects the droplet dynamics of the DESI processes.
A noteworthy observation from comparing the spectra for all proteins exposed to
ethyl acetate vapors was an overall shift towards higher charge states. For example, the
addition of ethyl acetate vapors to CAII caused a shift in the HICS to slightly higher charge
states (z = +33) compared to nitrogen controls (z = +30). The HICS of cyt c increased by
two when comparing nitrogen vapor to ethyl acetate. The highest observed charge state
(HOCS) for cyt c exposed to nitrogen was z = +19 and this increased to z = +21 when
exposed to ethyl acetate vapor. The addition of ethyl acetate leads to a complicated
envelope, as if bimodal ion populations are created. Interestingly, organic vapors in ESI
and nano-ESI showed an overall charge reduction for native proteins when vapors were
introduced through the curtain gas.8-10 The opposite effect can be seen here with all
proteins showing an overall increase to higher charge states after ethyl acetate vapor
interaction. This is possibly a consequence of the denaturing solvent used in the DESI
desorbing spray, even as the proteins were deposited in a native state. Previously, it was
shown that peptides and proteins analyzed in ESI under denaturing conditions responded
differently to vapors in the gas phase compared to when analyzed under native-state
preserving conditions.15 This observation can be explained through the possibility of a
different ionization mechanism recently proposed for denatured proteins, known as the
chain ejection mechanism (CEM).16, 17
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6.3.3 Analysis of lipid standard with ethyl acetate (EtAc) vapors
We hypothesized that because vapors improved protein signal, that they may also
influence other cellular components. To test this, a lipid standard was spotted onto PTFE
printed glass containing the major lipid classes and was analyzed with the use of ethyl
acetate compared to nitrogen addition and compared to when no vapor was introduced
to the enclosure.
Ethyl acetate was chosen as the initial test vapor because of the strong
improvements observed with proteins and because it is the most non-polar solvent in the
set which could increase lipid solubility. Using 50 mL/min as the vapor flow rate, these
preliminary results show that the overall lipid signal intensity increased by approximately
1.5 times compared to when no vapor was flowing into the enclosure or under normal
DESI conditions in the positive mode (Figure 6.7).
For comparison, a higher vapor flow rate of 1000 mL/min was also used shown in
Figure 6.8. Interestingly, this higher flow rate for ethyl acetate decreased the overall lipid
signal but significantly increased the relative abundance of m/z = 828, tentatively
identified as [TG+NH4]+. Compared to when no vapor is supplied to the enclosure, the
addition of EtAc vapor increased the signal intensity of [TG+NH4]+ by 6 times. This could
be because TGs are neutral and more non-polar compared to glycerophospholipids,
increasing their solubility in the more non-polar EtAc vapor.
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Figure 6.7. Spectral (a) and graphical (b) comparison of lipid signal intensity analyzed
with varying vapor conditions using 50 mL/min vapor flow rate in the positive mode.
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Figure 6.8. Spectral (a) and graphical (b) comparison of lipid signal intensity analyzed
with varying vapor conditions using 1000 mL/min vapor flow rate in the positive mode.

Negative mode analysis of lipids showed similar results to what was seen in
positive mode. Figure 6.9 shows that the overall lipid signal intensity increased by
approximately 1.5X when applying EtAc vapors compared to when no vapor was
introduced into the enclosure and when doing normal DESI analysis. This was seen for
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both the 50 mL/min and 1000 mL/min vapor flow rate. A noticeable difference was that
in negative mode, there did not seem to be different effects of the vapors on individual
lipid types.
More work is needed to see if other vapors with varying polarities have different
effects on lipid signals, but these are promising results showing the versatility of gas phase
additives on other cellular components.

Figure 6.9. Spectral (a) and graphical (b) comparison of lipid signal intensity analyzed
with varying vapor conditions using 50 mL/min vapor flow rate in the negative mode.
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6.3.4 Analysis of zebrafish olfactory tissue with EtAc vapors
To test the applicability of this method, the addition of vapors was used to analyze
lipids and proteins from a real tissue sample. For these experiments, zebrafish olfactory
rosettes were analyzed using ethyl acetate as a gas phase additive for lipids in the negative
and positive mode and proteins in the positive mode only. Lipids were analyzed with
50:50 (ACN:DMF) as the spray solvent with the vapor enclosure surrounding the DESI
spray without any vapor flow, with only nitrogen gas, and with ethyl acetate vapors
supplied at 50 mL/min flow rate. The overall lipid signal intensities were then compared
for both analysis modes.
In the negative mode, relatively no change was seen in the overall lipid signal
intensity when ethyl acetate vapors were used compared to when no vapors were supplied
to the enclosure (Figure 6.10 (a-c)). However, relative abundance differences were
observed for certain lipids such as m/z = 804 and m/z = 885, tentatively assigned as PC
(16:0/18:1)+formate and PI (18:0/20:4), respectively. These lipid peaks noticeably
increased in relative abundance upon the addition of ethyl acetate vapors. Again, this
could be due to differences in polarity of the lipid headgroups. Lipids that have more nonpolar headgroups may increase in solubility when using ethyl acetate vapors compared to
lipids that have more polar headgroups.
Analyzing lipids in the positive mode showed an increase in the overall signal
intensity by a factor of 2 with the addition of ethyl acetate as a gas phase additive
compared to when no vapor was supplied to the cavity (Figure 6.10 (e-g)). Relative
abundances of higher mass lipids also increased when EtAc vapors were used, similar to
what was observed in the analysis of the lipid standard.
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Figure 6.10. Comparison of lipid signal in the negative mode (a-c) and the positive mode
(e-g) when using the enclosure, enclosure with N2 gas, and enclosure with EtAc supplied
into the vapor cavity.

Proteins were analyzed using 80:20:0.2 (ACN:H2O:FA) with 100 µM L-serine. This
analysis was done without any pre-sampling preparation, giving a predictably complex
mass spectrum seen in Figure 6.11. Interestingly, two proteins were detected from the
olfactory tissue and deconvoluted to give molecular masses of approximately 10.3 kDa
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and 11.6 kDa. When nitrogen gas was supplied into the enclosure, protein signal
decreased compared to when no vapors were introduced (Figure 6.11). This could be due
to the gas flow interfering with the ion path into the mass spectrometer. Future design
improvements will hopefully prevent this occasional effect. However, when ethyl acetate
was introduced into the nitrogen gas stream entering the enclosure, protein intensity
increased as well as S/N.
These results demonstrate that the use of gas phase additives can improve signal
intensity and S/N of proteins detected directly from zebrafish olfactory tissue. Although
more work is needed to optimize enclosure conditions specifically for tissue analysis,
these results show the potential for gas phase additives to be easily implemented into
future DESI-MS experiments for improving protein analysis directly from tissue samples.
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Figure 6.11. Comparison spectra of proteins detected in zebrafish olfactory tissue
analyzed with and without the addition of vapors. The sample was analyzed with the vapor
enclosure with no vapor addition (a), with the enclosure and addition of nitrogen (b), and
with the enclosure and the addition of ethyl acetate vapors (c).

6.4 Conclusions
In conclusion, exposure of the DESI spray plume to organic vapors demonstrated
the ability to change the charge state distributions, and in the case of ethyl acetate, also to
increase signal intensities obtained for proteins. This effect appears to be independent of
protein characteristics, such as size or isoelectric point values. The magnitude of this
effect is however dependent on the enclosure set-up and vapor flow rate. The physical
parameters are also interdependent, and in addition to geometrical complexities,
determines the amount of vapor that can be delivered to the spray plume. Therefore,
detailed optimization of enclosure parameters and vapor flow rates are necessary.
The promising observation was that regardless of physical parameters of the
process, the improvement in signal intensity was observed for lipids and multiple proteins,
including proteins larger than 25 kDa and proteins detected directly from tissue samples,
which are challenging to analyze by DESI-MS.
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CHAPTER 7
INVESTIGATING THE EFFECTS OF L-SERINE ON LIPID AND PROTEIN
ANALYSIS BY DESI-MS

7.1 Introduction

Lipid analysis in mass spectrometry has become increasingly popular due to their
role as potential disease biomarkers. Lipids are important biomolecules that are involved
in many different cellular functions including structural components, cell signaling and
energy storage. It has been found that changes in lipids or lipid ratios can help distinguish
healthy and diseased tissues in numerous illnesses such as fatty liver disease1, 2, and
cancers3-6.
Glycerophospholipids and sphingolipids make up the majority of lipids present in
biological membranes such as lipid bilayers and are involved in many different cellular
processes including signal transduction, metabolism, neurotransmission, and apoptosis.7
As briefly described in Chapter 2, polar lipids are readily ionized in either positive or
negative modes through protonation, deprotonation, or ion adduction, depending on the
headgroup structure. Due to the permanent positive charge on the quaternary amine in
the choline headgroup, PCs and SMs mainly ionize in the positive mode but can also ionize
in the negative mode through adduction of formate or acetate if present in the solvent
system. PEs can yield ions in both the positive and negative mode but tend to ionize better
in the negative mode8, 9. PGs, PSs, and PIs ionize more readily in the negative mode
through proton abstraction. Differences in ionization efficiencies can make lipid analysis
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challenging and usually requires analyses in both ionization modes to encompass all the
major lipid classes. While previous studies have used solvent additives such as weak acids
to improve the ionization of PCs and SMs in the negative mode8, these additives are not
suitable for imaging experiments where it is often desirable to maintain the tissue
structure for subsequent histological imaging10. Similarly, Li+ and Ag+ can be added to the
spray solvent to facilitate adduct formation in the positive mode11-13, however positive
mode CID does not give as much structural information and makes it difficult to
accurately identify lipid species, especially for protonated SM and PC8, 14. This is because
PCs and SMs give similar fragmentation patterns in the positive mode and identification
of the fatty acyl side chains is extremely difficult, requiring extensive signal averaging due
to the unfavorable production of positively charged fragment ions15,

16.

Thus, when

attempting mass spectrometric imaging of biological tissue samples, it would be ideal to
analyze in only the negative mode without having to sacrifice the lipid types being
analyzed or tissue integrity.
Serine is a naturally occurring, non-essential amino acid that plays an important
role in lipid synthesis and lipid metabolism. Specifically, it is involved in lipid metabolism
and the formation of PSs, SMs, and other lipid types such as ceramides. The zwitterionic
character of serine at physiological pH makes it a suitable candidate for ionization in
either the positive or negative mode. Previously, it was reported that serine is a beneficial
spray additive to improve protein signal17 . Here, L-serine is used as a spray additive in
DESI to study the effects that serine has on different phospholipid classes in neutral and
acidic solvent systems. Results show that serine addition facilitates the formation of
serine adducts of certain lipid types in the negative ionization mode without an acid
modifier. Serine also increases lipid signal intensity of certain lipids in the positive mode.
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We also show that if tissue integrity is not a concern, formic acid is a very beneficial
additive to the spray solvent for lipid analysis in the negative mode.

7.2 Experimental methods
7.2.1 Mass spectrometry
All experiments were performed on a linear ion trap mass spectrometer (LTQ
Orbitrap XL, Thermo Scientific, Waltham, MA, USA) equipped with a three-dimensional
translational DESI stage (Purdue University, West Lafayette, IN, USA). A standard
electrosonic spray ionization source (ESSI)18 was constructed in-house using two co-axial
fused silica capillaries inside a T-piece for generating a pneumatically-assisted solvent
spray. The MS inlet capillary was extended 5 cm with a temperature of 250 °C. The DESI
sprayer was positioned for an incident spray angle of 54° with a height of 1 mm above the
sample surface and 4 mm distance from the MS inlet. A spray voltage of 4 kV was applied
to the stainless-steel solvent syringe with a solution flow rate of 5µL/min. Nitrogen was
used for the nebulizing gas at a pressure of 100 psi. Tube lens and capillary voltage were
set to 190V and 20V in positive mode and -160V and -20V in negative mode. Experiments
were conducted in positive and negative polarity modes. Tandem MS/MS experiments
were conducted using collision-induced dissociation (CID) with an isolation window of 3
mass/charge units and values ranging from 20-40 normalized collision energy.
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7.2.2 Samples and solvents
The SPLASH® Lipidomix® mass spectrometry standard was purchased from
Avanti Polar Lipids (Alabaster, AL, USA) and diluted to concentrations of 5µM
phosphatidylcholine (PC) for ESI, or diluted 1:1 methanol/chloroform to have a final
surface concentration of 80pmol/mm2 PC on printed PTFE glass slides for DESI analysis.
Ultrapure water and HPLC-MS grade acetonitrile (ACN), and dimethylformamide (DMF)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade formic acid (FA)
was purchased from Fluka Analytical (Morris Plains, NJ, USA).
The DESI spray solvent consisted of 50:50 (ACN:DMF), 100µM L-serine in 50:50
(ACN:DMF), 0.1% FA in 50:50 ACN:DMF, or 100µM L-serine+0.1% FA in 50:50
(ACN:DMF) for lipid analysis. ACN:DMF was used for lipid analysis since it was found to
preserve tissue integrity and increase the signal of free fatty acids in the negative mode19.
Solvent systems in the text were referred to as having no additive (NA), only L-serine
added (Ser), only FA added (FA), and both L-serine and FA added (Ser+FA).

7.2.3 Software and data analysis
Xcalibur 3.0 software (Thermo Scientific LTQ, San Jose, CA, USA) was used for
data acquisition and processing. The absolute intensities of LPC, PC, PE, PS, PG, PI, and
SM were compared along with the absolute intensities of adducts that were formed in
either the positive or negative mode. Identification of lipid species and adduct type were
confirmed through CID (MS/MS) analysis and comparison to standard fragmentation
spectra from the literature 8, 12, 20-23 or Lipid Maps24, 25.
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7.3 Results and discussion
7.3.1 Effects of serine addition on the analysis of lipid standards
A lipid standard containing a mixture of the major lipid classes was analyzed with
and without serine to determine if the addition of serine influences lipid signal. The effect
of serine addition on adduct formation was examined as well. These experiments were
conducted in both the positive and negative polarities.
Comparing the overall lipid signal (Figure 7.1), the addition of L-serine increases
signal intensity in the positive mode compared to when no additive was used. Changes in
overall signal intensities were not statistically significant when either FA or Ser+FA was
added. In the negative mode, the overall lipid signal remained relatively unchanged
regardless of the solvent additive used. However, due to the differences in polar
headgroups and their inherent charges, it is important to consider how the addition of Lserine affects individual lipid signals.

Figure 7.1. Comparison of overall lipid signal intensity analyzed by DESI-MS using no
additive, L-serine, formic acid, or serine+formic acid as solvent additives in negative
mode (blue) and positive mode (pink).
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Due to the composition of the SPLASH standard used, and the differences in
ionization efficiencies of each lipid type, not all lipids in the standard were detected in a
mass spectrum. This is most likely due to surface concentrations that are below the LOD
of our instrumentation and parameters that were tuned for phospholipid peaks in the m/z
= 700 - 1000 range. A table of the surface concentrations for each compound is available
in Table 7.1. For these reasons, only lipids that were detected above a S/N ≥ 5 threshold
are discussed.

Table 7.1. Surface concentration of the individual lipid species present in the lipid mass
spectrometry standard.
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PCs and SMs are zwitterionic at physiological pH due to the positively charged
choline headgroup and the negatively charged phosphate group. These lipids easily ionize
in the positive mode as [M+H]+, [M+Na]+, or [M+K]+ peaks and can be made to ionize in
the negative mode by the formation of formate adducts when it is present in the spray
solvent8. This was very apparent with the appearance of peaks at m/z = 797 and m/z =
782 corresponding to PC+FA and SM+FA adducts, respectively (Figure 7.2). These lipids
also form chloride adducts, a fairly ubiquitous ion in physiological samples. Surprisingly,
when L-serine or Ser+FA were added to the spray solvent, peaks at m/z = 814 and m/z =
856 appeared that were not observed when no additive or FA by itself were used. CID
analysis of these peaks showed fragmentation patterns related to PC and SM species with
a distinct loss of 120 mu and a small fragment peak from the neutral loss of 105 mu, equal
to the mass of L-serine (Figure 7.3).
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Figure 7.2. Spectral comparison of lipid relative abundances when analyzed with
different additives in the negative mode. No additive (a), L-serine (b), formic acid (c), and
serine+formic acid (d).

Serine adducts are most likely formed through ionic or electrostatic interactions
since a similar fragmentation pattern is observed when formate or acetate form adducts
with phosphocholine containing lipids.8, 26-28 The fragmentation results suggest that the
negative charge on the serine carboxyl group interacts with the positive charge on the
quaternary amine on the phosphocholine headgroup. The neutral loss of 120 mu can then
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be attributed to the loss of serine plus a methyl group, similar to the neutral loss of 60 mu
of methyl formate from formate adducts.

Figure 7.3. Negative mode MS2 and MS3 CID fragmentation of PC+Ser ((a) and (b)) and
SM+Ser ((c) and (d)). MS2 of m/z = 856 (a), MS3 of m/z 737 fragment (b), MS2 of m/z =
841 (c), and MS3 of m/z 722 fragment (d).

Although serine can also contain a negative charge, no adducts were observed in
the positive mode. However, serine reduced sodium adduction in the positive mode
similar to what was observed for protein analysis17, 29 (Figure 7.4). The signal intensity for
the protonated PC was also significantly increased when L-serine was used as an additive
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compared to the other additives and when no additive was used. It was thought that the
reduction of the sodium adduct is likely the reason for the increase in the protonated PC
peak. However, this was not observed when FA or Ser+FA were used as additives. While
the intensity of the sodium adducts were significantly reduced compared to with noadditive solvent, there was no effect on the intensity of the PC protonated peak. This could
indicate that the ionization state of serine, which is solvent pH dependent, is important
for sodium removal. Interestingly, this effect was not observed for SM species. This
suggests that increase in the protonated PC peak when L-serine is used is not solely due
to the reduction of the sodium adduct but possibly a combination of adduct removal as
well as increased solubility, which have a profound influence on DESI-MS signals, as was
shown for proteins30.
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Figure 7.4. Spectral comparison of the different additives used in DESI analysis in the
positive mode. No additive (a), L-serine (b), formic acid (c), and serine+formic acid (d).

PS contains positive and negative charges due to the amine in its headgroup and
from the phosphate group, respectively. The serine headgroup of PS adds an additional
negative charge from the serine carboxyl group giving the molecule an overall negative
charge. Having both a positive and negative charge allows for PS species to ionize in the
positive mode through protonation or adduction, and to ionize in the negative mode,
which is preferred. When analyzing PS in the negative mode, addition of L-serine, FA, or
the combination of both in the spray solvent, improved the signal intensity of the
deprotonated [M-H]- peak compared to when no additive was used (Figure 7.2 and Figure
7.5 (b)). Serine adducts were not observed for PS, but a peak corresponding to PS+FA
adduct was observed with 3X higher intensity compared to the [M-H]- peak when FA was
used as a solvent additive and was 13X higher in intensity compared to PS [M-H]- when
no additive was in the DESI spray (Figure 7.5 (b)).
In the positive mode, PS peaks were detected corresponding to [M+H]+ and
[M+Na]+ adduct peaks. Using L-serine as a solvent additive, PS behaved similarly to PC
by the significant increase in the protonated PS signal intensity peak and reduction of the
sodium adducts (Figure 7.5 (d)). The total signal for the sum of both PS ionization forms
increased over the no-additive case, which could be due to increased lipid solubility upon
serine addition when analyzed by DESI-MS as was also observed for PC.
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Additionally, while studies have observed and confirmed the formation of formate
adducts for PCs and SMs8, 14, acidic additives are not commonly used in lipid analysis in
the negative mode. These results underscore the usefulness of adding FA to the spray
solvent system in order to easily ionize permanent positively charged lipids while also
increasing the signal intensity of other lipid types (Figure 7.5). If biological samples will
not be analyzed by multiple modes or instruments, or if conserving tissue integrity is not
a concern, then FA is a good additive to use to increase the lipid types that can be
identified in the negative mode.

Figure 7.5. Absolute intensities of [M-H]- peak for PC (a) and PS (b), and absolute
intensities of [M+H]+ peak for PC (c) and PS (d) analyzed with no additive, L-serine,
formic acid, and serine+formic acid in the DESI spray solvent. Formate adducts are
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shown in red, serine adducts are shown in orange and sodium adducts are shown in blue.
Peaks with S/N < 5 are not shown.

7.3.2 Effects of serine on protein analysis in zebrafish olfactory tissue
The use of L-serine as a spray additive was then applied to the analysis of proteins
from biological tissue. Zebrafish olfactory tissue was analyzed for proteins to determine
the effects of serine when applied to a complex sample. Proteins were analyzed without
serine (no additive) and with the addition of 100 µM L-serine + 0.1% FA in the solvent
system. This was previously seen to be the best solvent composition when analyzing
protein standards.17
When zebrafish tissue was analyzed using a typical protein solvent composition
(80:20 ACN:H2O + 0.2% FA), two unidentified proteins were observed. When
deconvoluted, these proteins could be recognized as having molecular masses of 10.3 kDa
and 11.6 kDa (Figure 7.6). Upon addition of 100 µM L-serine to the spray solvent, there
was an increase in the signal intensity and S/N of the protein peaks observed. Absolute
intensity comparisons of the HICS for both proteins showed that serine addition
significantly increased the signal intensity by approximately 2-3 times compared to when
no serine was in the solvent spray (Figure 7.6 (b)).
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Figure 7.6. Comparison of protein signal in zebrafish olfactory tissue when analyzed
with 80:20 ACN:H2O+0.2%FA (No serine) or with 100 µM L-serine+0.1%FA in 80:20
ACN:H2O (Ser+FA). Spectra of protein signal (a) and bar graphs showing absolute
intensity comparison (b) of unidentified proteins with deconvoluted MW of 10.3 kDa
(blue) and 11.6 kDa (pink).

Protein signal was also compared between untreated controls and 2xTX treated
fish with and without the use of serine as an additive (Figure 7.7). The protein signal in
the internal control LOE (Figure 7.7 (c)) was similar to the signal observed in the
untreated control sample (Figure 7.7 (b)). Slight variation in the relative abundance seen
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for the larger protein is most likely due to sample variation, since the LOE was not
chemically damaged. However, when the treated ROE was analyzed, protein peaks for
both proteins were barely detected above the baseline (Figure 7.7 (d)). It is probable that
the two proteins are related to OSNs, or proteins present in the mucosal layer of the
epithelium which are diminished after chemical treatment. Based on the molecular
weights, it is likely that these proteins are related to odorant binding proteins or calcium
binding proteins that typically have molecular weights ranging from 9-14 kDa. While the
identity of these proteins is still in question, possible candidates could be parvalbumin
(11.9 kDa) or S100 proteins (10.4 kDa) that are known to be present in multiple OSN types,
with parvalbumin more abundant in ciliated OSNs and S100 in sub-populations of
microvillous and crypt OSNs.31, 32
These preliminary results show the effectiveness of serine as a solvent additive for
the improvement of protein signal when applied to a complex sample system. These are
promising results showing the efficacy of serine as an additive to not only the
improvement of proteins, but also to other cellular components such as lipids.
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Figure 7.7. Comparison of protein signal in untreated control tissue (a and b) and 2xTX
treated zebrafish olfactory tissue (c and d) with and without the use of serine as a spray
additive. Untreated control samples were analyzed with no additive (a) or serine (b), and
compared to internal control LOE (c) and treated ROE (d) of a 2xTX treated fish showing
two proteins with MW of 10.3 kDa (blue) and 11.6 kDa (pink).

7.4 Conclusions
New peaks were identified in the negative mode when analyzing lipids with the
addition of L-serine, while only relative abundance changes of some lipids were observed
in the positive mode. Through CID analysis, these peaks were identified as PC or SM
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serine adducts. These lipid types are difficult to analyze in the negative mode because of
the permanent positive charge on the quaternary amine in the choline headgroup. While
these lipids are easily ionized in the positive mode, precise identification in the positive
mode is difficult since PCs and SMs give similar fragmentation patterns.8 Being able to
analyze these peaks in the negative mode allows for easier identification and increases
experiment throughput.
While the addition of L-serine into the lipid spray solvent doesn’t improve lipid
signal intensity as a whole, it does improve the detection of certain lipid classes through
adduction which are not typically observed when using only 50:50 ACN:DMF. Improving
ionization of lipids that contain a choline headgroup such as PCs and SMs in the negative
mode allows for the potential to analyze all glycerophospholipid types in a single mode
and can be done through serine or FA adduction. However, formic acid in the spray
solvent may cause disruption of tissue samples by possibly unfolding proteins during lipid
analysis and so serine addition could be useful when FA cannot be used. This solvent
combination could be useful for imaging experiments or experiments combining MS
analysis with histology.
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CHAPTER 8
CONCLUSIONS AND FUTURE PRESPECTIVES

DESI-MS has quickly become one of the most widely used ambient ionization
techniques since its introduction in the early 2000’s1, largely due to its easy sampling and
imaging capabilities. It has been adapted for use in a wide variety of applications
including forensic analysis2-5, pharmaceuticals3, 6 and biological studies7-9. Specifically,
DESI-MS and imaging has been used to uncover lipid biomarkers in certain cancers to
aid in diagnosis.10-12 Although DESI-MS has proven to be a leader in the analysis of small
molecules, it has fallen short of other methods, such as ESI, in protein analysis. This is
mainly due to ion suppression effects that accompany sample complexity along with slow
protein and slow dissolution kinetics. Thus, there is a need for easily implemented
techniques to improve the analysis of tissue samples in general, but especially for proteins.
This is particularly useful in clinical studies where pathological analyses, like histology,
are needed.

8.1 Lipid changes in zebrafish OEs observed by DESI-MS
In this work, I have described my efforts in analyzing different damage states of
zebrafish olfactory tissue using immunohistochemistry. I also worked at improving the
DESI analysis of proteins, lipids, and metabolites from biological tissue with simple, and
easily implemented techniques. A majority of my work has involved interdisciplinary
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studies in neurobiology and analytical chemistry. This has allowed for improved DESI
methods developed in our lab to be applied to real biological samples. The work also
provided information on zebrafish tissue that was not previously known.
In Chapter 4, zebrafish olfactory organs were analyzed by immunohistochemistry
and DESI-MS after multiple treatments with a detergent solution. This study revealed
that microvillous OSNs are seemingly more resistant to chemical damage compared to
the other OSN subtypes that were examined. Immunohistochemistry results suggest that
resistance to damage is not from the ciliar mat created by ciliated OSNs, but that there
may be other contributions. DESI-MS results showed that lipid differences could be
detected in both the treated and untreated rosettes of treated fish. This intriguing result
suggests that caution must be taken when using intra-animal control tissue, as cellular
changes can occur without physical interaction.
To further explore cellular changes, protein analysis was attempted but proven
difficult with the complexity of the sample. Therefore, different techniques were
developed and tested for the improvement of proteins and lipids.

8.2 Enhancement techniques for improved DESI-MS analysis
Chapter 5 describes the addition of a pre-wetting solvent to increase the allotted
time for sample dissolution to occur in DESI analysis. This was achieved using a wettingquill that applied a separate solvent directly before and proximal to sample analysis.
Although improvements in protein signal were observed, results indicated that the lowest
possible pre-wetting solvent amount was required, even lower than could practically be
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applied using a wetting quill set-up. This supported the advantages of the technique
featured in the next chapter.
Chapter 6 explores the use of organic solvent vapors to improve protein and lipid
signal. Although this work was supported by results from Chapter 5, it was especially
motivated by previous ESI-MS results showing that solvent vapors improved protein
analysis by increasing protein signal13-15, reducing alkali metal adduction16,

17,

and

changing charge state distribution17, 18. Since DESI is known to follow ESI-like ionization
mechanisms, it was anticipated that vapors could be used to improve DESI analysis of
proteins as well. Vapors were introduced to DESI by designing a small plastic enclosure
to surround the DESI sprayer, allowing the spray-sampling area to be exposed to gasphase additives. In this study, the polar vapors of water, methanol, acetone, acetonitrile
and ethyl acetate were considered in comparison to nitrogen gas flow into the enclosure.
The results showed that ethyl acetate vapors could improve protein signal intensity and
shift charge state distribution, an effect that was not dependent upon protein size or
isoelectric point. Ethyl acetate vapor addition to lipid analysis by DESI also demonstrated
a positive effect in improving specific lipids in the positive and negative mode, such as
TGs and PGs, respectively. These results demonstrate the value that gas-phase additive
addition can have in analyzing a range of biological compounds.
Another technique that was developed in our lab was the addition of L-serine as a
solvent phase additive for improving protein signal by DESI.19, 20 We were interested in
applying this method to analyze biological tissue and so began the work illustrated in
Chapter 7. L-serine was used as a spray additive to investigate the effects it may have on
lipid analysis and to explore its applications to protein analysis in tissue samples.
Although serine did not dramatically improve overall lipid signal intensity in the positive
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or negative mode, interesting results were observed in the form of new peaks in the
negative mode. Tandem MS/MS analyses indicated that these new peaks were a result of
serine adduction by lipids that contained a phosphocholine headgroup (PCs and SMs).
Unlike what was demonstrated in the previous protein analyses with serine, these lipid
adducts were formed even without the use of an acid modifier such as formic acid. This
was a promising result showing that the signal of positively charged lipids could be
detected in the negative mode by forming serine adducts. This could be particularly useful
in imaging experiments where conservation of tissue integrity is a concern.
L-serine was also used to improve protein analysis from zebrafish olfactory tissue.
Using a typical spray solvent composition for proteins, we were able to detect two
unidentified proteins, although at low intensities. Addition of serine to the spray solvent
improved the protein signal intensity and S/N by almost double, supporting the potential
for serine’s use as an additive with real-world applications.

8.3 Final remarks
DESI-MS is a versatile technique that can be used in combination with histological
studies to provide complimentary molecular information. However, protein detection is
a continual challenge especially in complex biological samples. Finding cost effective and
practical ways to improve the DESI method allows these improvements to be easily
integrated without the necessity for new instrumentation. This work set out to employ
DESI-MS analysis for the detection of metabolites in the zebrafish olfactory system. This
made way for a new path of research in our lab and, like many projects, left us with more
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questions to be answered. Although there is always more work to be done, the endeavors
presented in this dissertation provide an insight into techniques that can be used to
enhance the DESI-MS analysis of tissue samples. Ultimately, improving the analysis of
proteins and lipids by DESI-MS will not only expand its applications but also strengthen
the knowledge obtained in biological and imaging experiments.
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